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1.0  INTRODUCTION 


Progress  is  summarized  for  the  past  four  years  of  a  research  program  on  advanced 
diagnostic  techniques  for  combustion  gases  and  plasmas.  The  parameters  of  interest  are 
species  concentrations,  temperature,  density,  pressure,  velocity,  mass  flow  rate  and  thrust. 
The  techniques  studied  are  based  on  laser  spectroscopy,  particularly  laser  absorption  and 
laser-induced  fluorescence.  Sources  include  tunable  cw  diode  lasers  and  tunable  pulsed  lasers. 
The  cw  lasers  are  spectrally  narrow,  allowing  study  of  new  techniques  based  on  spectral 
lineshapes  and  shifts,  while  the  pulsed  lasers  provide  intense  bursts  of  photons  needed  for 
techniques  based  on  light-scattering  phenomena.  Accomplishments  of  note  include:  the  first 
use  of  diode  lasers  for  absorption  and  fluorescence  measurements  in  combustion  gases  and 
plasmas;  development  of  an  optical  diagnostic  for  mass  flux  and  thrust;  the  first  use  of  laser 
absorption  to  monitor  atomic  nitrogen  and  oxygen;  development  of  wavelength-multiplexing 
to  allow  multiple-species  absorption  measurements  along  a  common  optical  path; 
demonstration  of  quantitative  PLIF  methods  for  temperature  and  velocity  imaging  in 
supersonic  flows;  development  of  acetone  seeding  for  improved  PLEF  imaging;  and  the  first 
application  of  PLIF  to  shock  tutmel  flows. 


2.0  PROJECT  SUMMARIES 


Included  in  this  section  are  summaries  of  progress  in  each  of  nine  project  areas. 
Additional  descriptions  of  this  work  may  be  foimd  in  the  publications  listed  in  Sections  3.1 
and  3.2.  Reprints  of  these  papers  are  available  on  request.  Personnel  involved  in  these 
projects  are  listed  in  Section  4.0. 


2.1  Plasma  Diagnostics 

Over  the  past  four  years  we  have  maintained  a  steady  effort  to  explore  the  use  of  cw 
semiconductor  diode  lasers  as  light  sources  for  absorption  and  fluorescence  diagnostics  of 
temperature,  species  concentration,  velocity  and  electron  number  density  in  laboratory 
plasmas.  These  low-cost  lasers  are  evolving  rapidly  owing  to  their  numerous  practical 
applications  (compact  disc  players,  supermarket  scanners,  etc.),  but  they  also  offer 
significant  prospects  for  scientific  applications.  With  regard  to  spectroscopic  diagnostics, 
these  lasers  can  be  viewed  as  economical,  rugged  and  compact  sources  of  low  power,  cw, 
tunable  wavelength  light  with  relatively  narrow  spectral  linewidths.  Thus  they  represent 
possible  replacements  for  currently  employed  cw  dye  lasers.  Unfortunately,  diode  lasers 
were  initially  developed  for  use  at  near-infrared  wavelengths  (especially  1.3  and  1.5  microns), 
2ind  only  in  the  past  few  years  have  lasers  become  readily  available  at  wavelengths  below  1 
micron  where  most  electronic  transitions  of  interest  in  atoms  and  molecules  are  located.  At 
the  present  time,  cw  diode  lasers  are  available  for  use  in  selected  wavelength  bands  down  to 
about  650  nm. 

Particular  accomplishments  in  the  first  two  years  of  the  program  include:  the  first 
application  of  diode  lasers  for  single-point  fluorescence  measurements  in  atmospheric 
pressure  plasmas,  and  the  first  studies  of  partially-saturated  fluorescence  as  a  possible 
method  of  measuring  electronic  quench  rates  in  plasmas.  The  flow  facility,  in  all  cases,  was 
an  RF-excited,  atmospheric-pressure  plasma  torch  operating  on  argon.  More  recent 
accomplishments  include  extension  of  diode-laser  absorption  and  fluorescence  diagnostics  to 
atomic  oxygen  and  xenon. 

A  simplified  form  of  the  experimental  arrangement  used  to  develop  diode  laser 
techniques  for  plasmas  is  indicated  in  Fig.  1,  together  with  a  sketch  of  representative  data 
which  illustrates  the  features  of  our  spectrally-resolved-lineshape  strategy  for  inferring 
plasma  properties.  The  measurements  are  made  in  an  atmospheric  pressure,  inductively- 
coupled  RF  plasma  torch  (assembled  in  the  early  phase  of  this  program)  which  provides  a 
controlled,  high  temperature  plasma  with  convenient  optical  access.  In  the  experiment,  the 
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Figure  1.  Overview  of  plusinu  diugnostic  strutegy  bused  on  spectrally-resolved  fluorescence. 


diode  laser  is  rapidly  swept  in  wavelength  across  an  individual  absorption  transition  of 
interest,  providing  a  fully  resolved  record  of  the  absorption  lineshape;  either  line-of-sight 
absorption  or  single-point  fluorescence  recording  may  be  used,  but  our  primary  goal  was  to 
establish  LIF,  since  it  provides  spatially-resolved  data.  The  lineshape  data  can  be  used  to 
infer  gas  temperature  (through  Doppler  broadening  of  the  line)  and  electron  density  (through 
the  Stark-induced  shift  in  the  line  position).  Since  the  lineshape  also  is  influenced  by  Stark 
broadening,  the  linewidth  data  can  be  interpreted  to  yield  a  second,  independent 
determination  of  the  electron  density.  In  general,  excellent  agreement  is  found  between  the 
two  measurements  of  electron  density.  Inferred  temperatures  in  the  plasma  are  typically  in 
the  range  6000-8000  K,  for  both  absorption  and  fluorescence  measmements,  thereby 
illustrating  the  power  of  this  diagnostic  for  probing  very  high  temperature  gases.  The 
development  of  a  diode-based  plasma  diagnostic  based  on  LIF  is  significant,  because  most 
past  plasma  diagnostics  have  been  based  on  line-of-sight  emission  approaches  which  require 
use  of  Abel  inversion  methods  to  establish  spatial  distributions;  inversion  methods  are 
applicable  only  to  plasmas  with  radial  symmetry  while  LIF  diagnostics  have  no  symmetry 
limitation. 

Our  most  recent  research  has  been  aimed  at  extending  these  techniques,  previously 
demonstrated  in  argon  and  oxygen,  to  xenon  plasmas.  Xenon’s  high  molecular  weight  and  low 
ionization  potential  make  it  the  optimal  choice  as  a  propellant  in  ion  thrusters  for  satellite 
electric  propulsion.  An  imderstanding  of  the  operation  of  these  thrusters  for  performance 
enhancement  will  require  non-intrusive  plasma  diagnostics  capable  of  probing  their  exhausts. 

Particular  accomplishments  in  our  work  with  xenon  include  accurate  modeling  of  an 
isotopically  and  nuclear  spin-split  xenon  lineshape  obtained  by  single-point  laser-induced 
fluorescence  (LIF),  and  with  this  the  demonstration  of  a  kinetic  temperature  diagnostic  in  a 
low  pressure  DC  glow  discharge.  This  work  is  discussed  briefly  in  the  following  paragraphs. 

The  extension  of  our  previously  developed  diode-laser  diagnostics  to  xenon  is 
complicated  by  the  existence  of  several  strong  isotopes  and  the  hyperfine  splitting  of  most 
energy  levels.  Xenon  is  a  relatively  heavy  inert  gas  with  nine  stable  isotopes.  The  two 
isotopes,  129xe  and  l^^Xe,  with  an  odd  number  of  neutrons  (atomic  number  54  =  even 
number  of  protons)  have  a  nuclear  spin  which  causes  a  splitting  of  the  fine  structure  energy 
levels.  Figure  2  summarizes  the  energy  level  stmcture  for  neutral  xenon  and  the  nuclear  spin¬ 
splitting  which  must  be  considered  for  one  of  the  6s-6p  transitions  currently  being  studied  (at 
823  nm).  The  energetic  nature  of  the  plasma  environments  under  study  makes  excited-state 
spectroscopy  appropriate.  The  absorption  lineshape  of  this  overall  transition  thus  involves  a 
convolution  of  21  individual  lines  which  are  each  broadened  and,  possibly,  shifted  according 
to  the  local  gas  properties. 
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Figure  2.  Xenon  energy  level  diagram.  Nuclear  spin  splitting  of  the  6s[3/2]02-6p[3/2]2 
(3P2-^D2)  transition  for  even  and  odd  (129  and  131  amu)  atomic  weights. 


In  the  experiment,  the  diode  laser  is  directed  through  the  plasma  and  is  swept  in 
wavelength  across  the  overall  transition  providing  highly  resolved  spectral  lineshapes.  The 
line-of-sight  absorption  and  the  LIF  are  simultaneously  recorded,  but  the  LIF  is  of  greater 
interest  to  us  because  of  its  spatial  resolution  capabilities.  Figure  3  shows  a  sample  data  trace 
of  a  60  second  LIF  scan  over  the  823  nm  transition.  The  relative  positions  and  relative 
intensities  of  the  21  hyperfine-split  lines  contributing  to  this  lineshape  are  included  in  Figure 
3.  Each  of  the  21  theoretical  lines  can  be  individually  broadened  and  the  resulting  intensities 
added  to  construct  an  excitation  spectrum  similar  to  the  LIF  data.  The  results  of  a  curve- 
fitting  procedure  that  optimizes  Tj^jj^  (Doppler  broadening)  and  the  Lorentzian  broadening 
(laser-linewidth  and  collisional  effects)  halfwidth  Avi^^  to  most  closely  match  the  data  is  also 
shown  in  Figure  3.  The  21  line  positions  and  relative  intensities  are  fixed,  with  the  overall 
amplitude,  Tj^,  and  Av^qj.  being  the  three  parameters  to  the  fit. 
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A  second  6s-6p  transition  (828  run)  has  also  been  studied  by  line-of-sight  absorption. 
The  lower  state  of  this  transition  is  optically  coupled  to  the  ground  state  of  xenon  causing  the 
lineshape  to  be  significantly  affected  by  resonance  broadening.  The  amount  of  resonance 
broadening  is  proportional  to  the  ground  state  number  density  Ng  and  the  oscillator  strength 
fgl  of  the  resonant  transition.  Thus,  the  investigation  of  this  transition  by  LIF  affords  the 
possibility  of  a  spatially  resolved  pressure  diagnostic. 


Figure  3.  Comparison  of  measured  xenon  LIF  6s[3/2]02-6p[3/2]2  spectrum  to  calculated  fit 
result. 


The  use  of  this  LIF  diagnostic  for  velocity  measurements  in  xenon  plasmas  is 
currently  being  investigated.  A  search  for  an  appropriate  xenon  ion  transition  for  similar 
lineshape  analyses  is  also  underway. 

Details  of  our  work  on  diode-laser  plasma  diagnostics  are  available  in  several  papers 
(see  Secs.  3.1  and  3.2). 

2.2  Atomic  Species  Measurements  in  High-Enthalpy  Flows 

For  gases  at  combustion  temperatures,  i.e.  up  to  about  3000  K,  spectroscopic 
diagnostics  for  temperature  typically  probe  molecular  species,  such  as  OH,  O2,  NO  and  N2. 
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Such  temperature  measurements  can  be  made  using  a  number  of  experimental  methods  that 
are  currently  available  including  LIF,  Raman  scattering  and  CARS.  At  higher  temperatures, 
however,  as  may  be  found  in  various  high-enthalpy  hypersonic  air  flows  and  propulsion 
plasmas,  it  will  be  necessary  to  establish  new  techniques  which  recognize  that  the  major 
species  present  are  neutral  and  ionized  atoms.  For  example,  in  equilibrium  air  at  1  atm,  the 
mole  fraction  of  0-atoms  exceeds  that  of  molecular  oxygen  above  3500  K,  and  above  about 
7000  K,  the  atomic  species  O  and  N  are  the  primary  components  of  air.  Ionic  species,  such 
as  and  N"*",  become  important  above  approximately  12000  K.  It  is  thus  apparent  that 
spectroscopic  diagnostics  intended  for  gases  at  very  high  temperatures  should  be  based  on 
atomic  rather  than  molecular  species. 

We  have  been  pursuing  two  approaches  in  developing  diagnostics  for  very  high 
temperature  flows.  The  first  approach  is  based  on  spectrally  resolved  absorption  of  excited- 
state  transitions  of  atomic  nitrogen  and  oxygen.  The  laser  source  is  a  tunable  cw  diode  laser, 
and  the  experimental  procedure  involves  rapidly  recording  at  least  one  fully  resolved 
absorption  lineshape.  At  high  temperatures,  the  width  of  the  line  is  dominated  by  Doppler 
broadening,  and  thus  a  measurement  of  linewidth  is  easily  converted  to  a  value  for  the 
translational  (i.e.,  kinetic)  temperature  of  the  gas.  The  integrated  area  imder  the  measured 
spectral  absorption  coefficient  ciuve  yields  the  number  density  of  atoms  in  the  absorbing 
(i.e.,  lower)  state,  from  which  we  can  invoke  a  Boltzmann  distribution  to  infer  an  "electronic" 
or  population  temperature,  assuming  that  the  density  of  the  species  is  known.  (The  density 
of  a  species  is  known  from  theory  once  the  translational  temperature  and  pressure  are 
specified  for  a  mixture  of  known  atomic  proportions.)  It  is  important  to  note  that  the  two 
temperatures  inferred  with  these  methods,  i.e.  the  kinetic  and  electronic  temperatures,  may 
differ  in  gases  at  very  high  temperatures  where  radiative  and  collisional  transfer  processes  are 
not  in  balance,  and  such  difficulties  motivate  the  need  for  diagnostics  sensitive  to  these 
different  temperatures  in  gases  with  very  high  enthalpies.  The  elements  of  these  ideas  are 
illustrated  in  Fig.  4  which  shows  a  representative  lineshape  and  the  key  theoretical 
relationships. 

The  second  approach  uses  fixed-frequency  linecenter  absorption  of  excited-state 
transitions  of  atomic  oxygen  and  nitrogen  to  monitor  the  number  density  of  the  atoms  in  the 
absorbing  state.  An  example  application  is  to  measure  the  time  evolution  of  the  excited-state 
atom  concentration  following  passage  of  a  strong  shock  wave  simulating  conditions  of 
hypersonic  flight.  By  quantitatively  determining  the  number  density  of  the  atomic  species  in 
the  electronically  excited-state  probed,  we  can  infer  which  kinetic  processes  (i.e.,  dissociation, 
ionization,  and/or  recombination)  are  important  during  different  stages  of  the  test  time,  as 
well  as  gain  insight  into  whether  electronic  nonequilibrimn  exists  in  the  flow.  Such 
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Figure  4.  Measurement  concept  for  spectral  lineshape  thermometry. 
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Figure  5.  Experimental  set-up  for  diode  laser  thermometry  at  high  temperatures. 
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iinderstanding  is  presently  lacking  for  strong  shock  waves  in  air  and  is  critical  to  the 
development  of  quantitative  kinetic  models  applicable  to  hypersonic  flight  and  atmospheric 
reentry. 

Our  work  to  explore  high-temperature  laser  thermometry  has  been  carried  out  in  a 
conventional  pressure-driven  shock  tube,  using  reflected  shock  waves  to  provide  a  wide  range 
of  known  gas  temperatures  and  pressures.  A  schematic  of  the  experimental  arrangement  is 
shown  in  Fig.  5.  Test  gas  mixtures  consist  of  1.5%  in  argon  and  1.5%  N2  in  krypton.  The 
lasers  utilized  to  probe  the  absorption  lines  (777.1  nm  for  0-atoms  and  821.6  nm  for  N- 
atoms)  are  commercially  available  GaAlAs  semiconductor  lasers  with  an  output  power  level 
of  5  to  20  mW. 

An  energy  level  diagram  for,  the  relevant  N-atom  transitions,  and  a  representative 
single-sweep  data  trace  (converted  from  time  to  laser  frequency)  are  shown  in  Fig.  6.  The 
laser  is  repetitively  modulated  at  8  kHz  to  record  multiple  lineshapes.  The  absorption  data 
are  converted  through  Beer's  law  to  a  plot  of  the  spectral  absorption  coefficient  and  then  best 
fit  with  a  Voigt  profile.  This  allows  determination  of  the  Gaussian  component  of  the 
lineshape,  which  yields  directly  the  kinetic  temperature  through  the  known  Doppler- 
broadening  relationship.  The  integrated  area  under  the  lineshape  curve  is  used  to  infer  the 
electronic  or  population  temperature  of  the  absorbing  state.  Note,  in  this  case,  that  the 
temperatures  are  in  close  agreement  (9000  versus  9300  K).  Experiments  thus  far  have  been 
limited  to  temperatures  in  the  range  of  6000  to  13000  K,  owing  primarily  to  shock  tube 
design  limitations,  but  measurements  of  higher  temperatures  should  be  possible  in  larger  test 
facilities. 

An  example  data  trace  for  the  fixed-frequency  linecenter  absorption  of  the  0-atom 
excited-state  transition  at  777. 1  nm  is  shown  in  Fig.  7.  The  data  trace  represents  a  shock 
from  the  higher  end  of  our  temperature  range  with  an  initial  pressure  of  1.10  torr  and  a  shock 
speed  of  2.41  mm/iisec.  We  can  follow  both  the  fractional  absorption  (  (lo-I)/!^;  where  Iq  is 
the  incident  and  I  is  the  transmitted  laser  intensity)  of  the  0-atoms  in  the  electronically 
excited-state  and  the  number  density  determined  from  the  fractional  absorption  as  a  function 
of  time.  0-atom  absorption  appears  only  after  the  reflected  shock  as  the  temperature  needs 
to  be  high  enough  to  induce  not  only  O2  dissociation,  but  excitation  of  the  electronic  states  as 
well.  Following  the  dissociation  process,  the  drop  in  absorption  is  due  to  depletion  of  the 
excited-state  0-atom  population  by  ionization,  while  the  rise  in  the  absorption  signal 

9 

afterwards  is  due  to  recombination  of  the  O'*'  ions  and  electrons  caused  by  the  drop  in 
temperature  during  subsequent  ionization  of  the  bath  gas  (Ar,  in  this  case).  Electronic 
relaxation  finally  brings  the  absorption  level  up  to  an  "equilibrium"  value.  We  are  currently 
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Diode  Laser  Absorption  Diagnostic  of  Atomic  Nitrogen 
for  Hypersonic  Flowfieids  and  Piasmas 

•  High  temperature  measurements  enabled  by  excited-state  absorption 
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Kinetic  and  population  temperatures  determined  simultaneously 
Well-suited  for  remote  sensing  using  fiberoptics 
Potential  for  monitoring  velocity  in  high-speed  flows 


/  I 


Fractional  Absorption  of  Excited-State  0-Atom 


(a) 


Excited-State  O-Atom  Number  Density 


(b) 

Figure  7.  Diode  laser  flxed-frequency  measurements  in  high-temperature  gases. 
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working  on  a  kinetics  model  to  better  understand  the  various  reactions  involved  in  high- 
enthalpy  flows. 

Further  details  of  our  work  on  diagnostics  for  gases  at  very  high  temperatures  are 
available  in  the  publications  cited  in  Secs.  3.1  and  3.2. 

The  concept  of  using  absorption  between  excited  electronic  states  is  versatile  since  the 
specific  lower  (absorbing)  state  used  may  be  varied  to  give  appropriately  large  fractional 
absorption  as  the  temperature  of  interest  changes.  For  example,  as  the  temperature  increases, 
we  can  utilize  excited  states  with  a  higher  electronic  energy.  In  addition,  the  species  selected 
for  thermometry  may  be  varied  depending  on  the  temperature  and  the  specific  gas  mixture 
under  study.  The  atomic  nitrogen  and  oxygen  studied  typically  have  many  possible 
absorption  transitions  which  may  be  utilized. 

Future  research  related  to  this  project  may  include  velocity  measurements  in  high¬ 
speed  flows  using  Doppler-shifted  lineshapes  recorded  with  different  propagation  vectors 
with  respect  to  the  flow  direction.  This  diagnostic  may  also  be  suited  for  remote  sensing 
applications  (e.g.,  in  flight  experiments)  using  fiber  optics. 

2.3  Diode  Laser  Diagnostics  for  Mass  Flux  and  Thrust  Measurements 

During  the  early  part  of  this  program  we  initiated  an  effort  to  establish  a  new  class  of 
diagnostic  techniques  based  on  diode  laser  line-of-sight  absorption  which  would  enable 
accurate,  fast,  and  simultaneous  measurements  of  multiple  gasdynamic  properties  including 
velocity,  temperature,  pressure,  density,  and  species  concentrations  in  high  speed  gas  flows. 
We  recognized  that  measured  values  for  these  independent  properties  could  be  combined  to 
yield  quantitative  results  for  important  propulsion  performance  parameters  such  as  mass  flux 
(from  the  product  of  density  and  axial  velocity)  and  momentum  flux  or  thrust  (from  the 
product  of  mass  flux  and  velocity).  To  our  knowledge,  these  critical  propulsion  parameters 
have  not  previously  been  measured  by  optical  techniques,  and  the  methods  developed  in  this 
program  offer  unique  potential  for  both  ground-  and  flight-based  instruments. 

The  fundamental  measurement  concept  is  based  on  the  known  dependence  of  spectral 
lineshapes  on  the  thermodynamic  and  gasdynamic  state  parameters  of  interest.  This  strategy, 
summarized  schematically  in  Fig.  8,  permits  simultaneous  determination  of  multiple  flowfield 
variables,  and  with  a  measurement  repetition  rate  far  in  excess  of  that  possible  with  current 
diagnostic  schemes  based  on  pulsed  lasers.  Tunable  diode  lasers  are  attractive  and  highly 
promising  sources  of  the  narrow-linewidth  radiation  needed  because  they  are  (or  will  be) 
economical,  rugged,  compact,  compatible  with  fiberoptic  transmission,  and  in  addition  can  be 
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Figure  8.  Schematic  of  measurement  principle  for  mass  flux  and  thrust. 


modulated  in  wavelength  at  extremely  high  rates.  At  present,  diode  lasers  are  available  only 
in  specific  wavelength  windows  at  wavelengths  generally  in  excess  of  650  nm,  but  the  trend 
toward  operation  at  shorter  wavelengths  and  toward  increasing  the  number  of  “laser 
wavelength  windows”  is  clear. 

Our  research  focused  on  two  related  efforts:  one  involving  detection  of  O2  with  760 
nm  laser  light,  as  a  means  of  measuring  the  mass  flux  of  air  in  a  supersonic  stream;  and  the 
other  involving  H2O  detection  with  lasers  operating  near  1.4  microns,  which  leads  to  a 
method  for  monitoring  momentum  flux  (or  thrust  at  the  exit  of  a  supersonic  combustor. 
These  projects  are  discussed  separately  below. 

We  began  with  O2,  since  there  is  a  fortuitous  spectral  match  between  recently 
developed  GaAlAs  diode  lasers  which  emit  near  760  nm  and  the  weakly  absorbing  A-band 
(known  as  the  “atmospheric  band”)  of  molecular  oxygen.  A  bench-top  diode  laser  absorption 
system  was  assembled  to  establish  optimum  laser  modulation  and  detection  strategies.  In 
that  work,  we  found  that  the  weakness  of  the  absorption  as  well  as  various  problems  with 
noise  could  be  overcome  by  modulating  the  laser  wavelength  at  a  high  frequency  f  (typically 
10  Mhz)  and  detecting  the  second  harmonic  (2f)  signal  while  the  laser  was  repetitively 
scanned  across  the  spectral  region  of  interest  at  a  rate  of  10  kHz.  Thus  a  complete  2f 
spectrum  could  be  recorded  every  100  microseconds,  and  the  measured  spectrum  compared 
with  analytical  calculations  based  on  known  spectral  parameters  of  O2  to  infer  the  gas 
temperature  (from  the  ratio  of  peak  signals  for  the  lines  encompassed  in  the  scan),  pressure 
(from  linewidths),  oxygen  concentration  (from  the  area  under  a  2f  spectrum),  and  velocity 
(from  the  Doppler  shift  of  the  features).  Experiments  were  conducted  first  in  static  samples 
of  room  air,  and  subsequently  in  supersonic  streams  of  gases  containing  O2  using  a  shock  tube 
as  a  means  of  preparing  samples  with  a  wide  range  of  gasdynamic  conditions.  The  agreement 
between  the  measured  and  calculated  flow  conditions  was  typically  within  5%  for  all 
parameters,  including  mass  flux.  Further  details  of  this  work  may  be  foimd  in  the  papers  by 
Philippe  and  Hanson  cited  in  Secs.  3.1  and  3.2.  The  success  of  this  effort  led  to  a  follow-on 
project  to  measure  mass  fluxes  in  the  16-inch  hypersonic  shock  tunnel  at  NAS  A- Ames 
Research  center  as  part  of  a  NASP  research  program. 

Our  work  with  tunable  diode  laser  absorption  of  H2O  followed  subsequently. 
Initially  we  conducted  an  analytical  study  of  water  vapor  absorption  bands  to  identify 
possible  coincidences  of  H2O  bands  and  diode  laser  wavelengths.  We  found  that  the 
strongest  bands  of  water,  especially  for  high  temperature  measurements,  are  near  1 .4  microns, 
and  that  these  bands  are  “combination  bands,”  i.e.  they  involve  simultaneous  changes  in  two 
(or  more)  vibrational  quantum  numbers.  Although  less  strong  than  the  “fundamental” 
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vibrational  bands  at  longer  wavelengths,  the  combination  bands  near  1.4  microns  still  lead  to 
usable  absorption  signals.  Thus,  in  principle,  the  methods  demonstrated  for  oxygen  should 
carry  over  to  water  vapor.  This  is  important,  since  it  would  be  desirable  to  identify  a  single 
strategy  in  which  O2  could  be  detected  in  air  inlets  of  supersonic  propulsion  systems 
(ground-based  test  facilities  or  flight  systems)  and  H2O  measurements  could  be  made  in  the 
engine  exhausts.  Further,  in  analogy  with  the  use  of  O2  detection  to  give  air  mass  flux,  one 
could  imagine  applying  the  same  approach  to  infer  thrust  at  a  combustor  exit  plane.  The  fact 
that  these  diode  laser  strategies  are  compatible  with  optical  fiber  technology  holds  promise  of 
applying  these  measurements  remotely  and  with  multiple  measurement  paths  to  allow  more 
complete  mapping  of  the  nonuniform  flows. 

After  identifying  the  optimum  wavelength  regions  for  absorption  measurements,  and 
developing  the  code  to  calculate  the  absorption  spectra  of  water  at  any  prescribed  conditions, 
we  turned  our  attention  to  acquiring  a  diode  laser.  After  an  extensive  search,  we  were  able  to 
obtain  two  prototype  lasers  from  a  Japanese  company  which  gave  tunable  single-mode 
output  near  1.39  microns.  To  our  knowledge,  these  were  the  only  lasers  in  existence  (at  that 
time)  which  provided  tunable  single-mode  radiation  at  these  wavelengths,  although  such 
devices  have  now  been  produced  commercially  owing  to  demand  for  sensitive  detection  of 
H2O.  Following  characterization  of  these  lasers,  we  initiated  a  series  of  experiments  to  verify 
our  detailed  spectroscopic  model  of  H2O  and  to  explore  schemes  for  inferring  gasdynamic 
parameters  from  H2O  spectra  in  low-and  high-speed  flows  containing  water  vapor.  In 
particular,  we  completed  experiments  which  confirmed  our  ability  to  make  quantitative 
measurements  of  water  vapor  concentration,  temperature  and  pressure  in  room  temperature 
air,  in  the  combustion  products  produced  in  a  flat  flame  burner,  and  in  a  supersonic  stream 
containing  H2O  produced  by  a  shock  tube.  In  the  latter  experiments  we  also  measured 
velocity.  In  each  of  these  experiments,  we  were  able  to  successfully  demonstrate  the  utility 
of  the  diagnostic  concept  based  on  spectrally  resolved  lineshapes.  Owing  to  the  increased 
strength  of  the  absorption  relative  to  the  O2  measurements  (reported  above),  we  were  able  to 
use  direct  recording  of  fractional  absorption  rather  than  resorting  to  high-frequency 
modulation  with  2f  detection. 

Details  of  this  work  are  available  in  the  papers  by  Arroyo  and  Hanson  cited  in  Secs. 
3.1  and  3.2. 

There  were  two  important  observations  from  this  work  which  should  be  noted  here. 
Firstly,  we  observed  that  the  fundamental  spectroscopic  data  base  for  water  vapor  (primarily 
in  the  form  of  a  detailed  computer  listing  of  absorption  lines,  strengths,  widths  and  positions, 
and  known  as  “HITRAN”  in  the  open  literature)  contains  some  important  deficiencies, 
particularly  when  used  to  predict  high  temperature  spectra  of  water  vapor.  Positions  of 
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some  lines  near  the  optimum  region  for  H2O  detection  (1.40  microns)  were  foimd  to  be 
slightly  in  error,  some  lines  were  found  to  have  either  different  strengths  or  widths  than 
tabulated  in  HITRAN,  and  some  lines  were  observed  that  are  not  in  the  latest  tabulations. 
We  concluded  from  these  observations  that  further  work  with  the  diagnostic  method  should 
include  an  effort  to  refine  the  elements  of  HITRAN  that  are  required  to  perform  accurate 
measurements  of  water  vapor  at  high  temperatures. 

The  second  important  conclusion  of  our  work  is  that  quantitative  measurements  of 
gasdynamic  parameters  in  high-speed  streams  of  combustion  gases,  using  spectrally-resolved 
absorption  measurements  of  H2O,  are  both  feasible  and  attractive.  In  particular,  this  method 
may  satisfy  the  need  for  a  nonintrusive  diagnostic  to  characterize  the  exhaust  gas  conditions 
in  both  ground-and  flight-based  tests  of  advanced  propulsion  devices.  For  example,  it  should 
be  feasible  to  utilize  line-of-sight  absorption  measurements  of  water  vapor,  executed  through 
optical  fibers,  to  provide  line-of-sight-averaged  flow  properties  in  hypersonic  shock  tunnel 
tests  which  are  in  progress  at  Ames,  Calspan,  GASL  and  elsewhere.  Such  measurements 
might  be  the  most  direct  means  of  verifying  codes  being  developed  to  describe  fuel-air  mixing 
and  combustion  in  the  engine  modules  being  tested,  and  may  also  provide  information  which 
confirms  the  chemical  state  (i.e.,  progress  of  recombination  reactions)  predicted  by  reactive- 
flow  computer  codes.  In  the  longer  term,  the  methods  under  study  here  appear  to  be  the  only 
feasible  optical  approach  for  flight  monitoring  of  engine  exhausts.  Such  off-wall 
measurements  may  prove  to  be  a  cmcial  complement  to  more  standard  surface-based 
instruments  during  tests  of  high  performance  hypersonic  propulsion  systems. 

2.4  Multiplexed  Diode-Laser  Absorption  Sensors 

Following  the  successful  completion  of  the  diode  laser  sensors  for  O2  and  H2O, 
discussed  in  Sec.  2.3,  we  began  to  explore  diagnostic  concepts  which  could  further  increase 
the  number  of  gasdynamic  quantities  or  species  measured  simultaneously.  This  line  of 
thought  led  to  a  new  strategy  based  on  the  use  of  multiple  diode  laser  sources  arranged  to 
enable  simultaneous  absorption  measurements,  along  a  common  path,  at  multiple 
wavelengths.  In  the  past  six  months  we  have  assembled  such  a  system  which  combines  the 
outputs  of  multiple  diode/lasers  into  a  single  optical  fiber  using  appropriate  fiber  splitters  and 
couplers.  This  system  provides  a  simple  means  of  expanding  the  effective  wavelength  range 
and  number  of  spectral  channels  which  can  be  probed  simultaneously  along  a  single  path. 
The  use  of  fiber-optic  components  effectively  obviates  the  need  for  conventional  optical 
elements  such  as  lenses  and  mirrors  and  thus  greatly  simplifies  the  optical  alignment 
procedure  and  significantly  increases  the  ruggedness  of  the  system. 
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Initially,  our  strategy  for  combining  and  separating  the  beams  of  multiple  lasers  along 
a  single  path  was  based  on  tuning  the  lasers  alternately  in  time.  The  system  was  used  to 
accurately  determine  temperature  and  species  concentration  in  high-temperature,  high- 
velocity  flowfields,  generated  in  a  shock  tube,  using  measurements  of  high-resolution  H2O 
lineshapes  near  1.4  |xm;  see  paper  41  in  Sec.  3.2  for  details. 

Quite  recently,  a  new  and  improved  system  for  combining  and  separating  individual 
diode-laser  beams  based  on  wavelength-division  multiplexing  has  been  developed  (see  Fig.  9). 
In  this  system,  light  from  multiple  lasers  propagates  simultaneously  in  a  single  optical  fiber; 
the  multiple  lasers  are  operated  independently  and  scanned  across  discrete  spectral  regions 
containing  the  absorption  transitions  of  species  of  interest.  The  multi-wavelength 
transmitted  light  is  demultiplexed  into  constituent  laser  wavelengths  by  directing  the  beam 
exiting  the  probed  region  at  a  non-normal  incidence  angle  onto  a  diffraction  grating.  The 
beams  are  diffracted  at  angles  which  correspond  to  each  wavelength  and  subsequently 
monitored  with  appropriate  detectors.  The  left  side  of  Figure  9  illustrates  the  experimental 
setup  used  recently  for  simultaneous  measurements  of  H2O,  O2,  and  temperature  in  a  heated 
cell  and  a  room-temperature  air  path.  The  right  side  of  Figure  9  shows  a  comparison  of 
temperatures  measured  in  a  heated  cell  using  the  two-line  method  and  a  thermocouple.  The 
laser  data  were  based  on  single  wavelength  scans;  the  laser  modulation  rate,  and  hence 
temperature  measurement  rate,  is  typically  3-10  kHz.  The  excellent  agreement  between  the 
two  methods  suggests  that  the  system  and  method  are  reliable. 

The  multiplexed  diode-laser  absorption  sensor  system  capable  of  nonintrusively 
measuring  several  flowfield  constituents  and  properties  along  a  single  path  may  be  easily 
extended  to  simultaneously  monitor  multiple  species  along  many  paths  in  order  to  obtain 
three-dimensional  flow-parameter  distributions  using  tomographic  methods;  to 
simultaneously  monitor  different,  separated  flowfields;  or  to  determine  multiple  velocity 
components  in  moving  gaseous  flows  through  measurements  of  Doppler-shifted  line 
positions.  Ongoing  work  is  aimed  at  exploring  extensions  of  this  strategy  including  fixed- 
wavelength  techniques  which  will  allow  continuous  in  situ  determinations  of  gasdynamic 
parameters  within  various  flowfields. 
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MULTIPLEXED  DIODE-LASER  ABSORPTION  SENSOR  SYSTEM 
FOR  MULTI-PARAMETER  MEASUREMENTS 

Simultaneous  measurements  of  species,  temperature  and  pressure  at  kHz  rates 
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2.5  Digital  Camera  for  3-D  and  High-Speed  Imaging 

Advances  in  image-based  diagnostic  techniques  for  turbulent  combustion  are 
dependent,  in  part,  on  state-of-the-art  improvements  in  high-speed  camera  systems.  For  this 
reason,  a  portion  of  our  overall  diagnostics  program  has  been  directed  at  building  a  unique 
camera  with  the  capability  for  light-efficient,  high-speed  recording  of  planar  flow 
visualizations.  In  concert  with  this  effort,  we  have  developed  experimental  techniques  for  2-d 
imaging  of  ultrafast  combustion,  plasma,  and  laser  events,  and  instantaneous  3-d  imaging  of 
turbulent  flames  and  flows.  During  the  past  four  years,  we  have  assembled  and  characterized 
the  camera  system  and  have  conducted  a  series  of  2-d  and  3-d  experiments.  Most  recently, 
we  have  collected  instantaneous  3-d  PLIF  images,  and  we  have  developed  methods  for 
correcting  various  camera  system  distortions. 

Our  unique  flow  visualization  system  is  shown  in  Figure  10,  and  an  example  of  the 
system  output  is  shown  in  Figure  11.  For  3-d  imaging,  flow  visualization  is  provided  by 
planar  illumination  from  a  pulsed  dye  laser  lasting  2  fxsec.  During  this  time,  the  laser  is  swept 
laterally  across  the  flow  using  a  30,000-RPM  mirror,  and  an  image  converter  camera  framing 
at  lO’  frames/sec  provides  up  to  20  high  speed  images.  The  images  are  passed  from  the  image 
converter  through  a  fiber-optic  coupling  and  placed  side-by-side  on  a  cooled  high-resolution 
CCD  array.  In  this  way,  the  system  records  sequential  image  planes  within  the  flow  and  so 
provides  a  record  of  the  instantaneous  3-d  flow  conditions  which  can  be  analyzed  for  a  wide 
variety  of  information.  Details  of  the  laser  and  camera  systems,  and  their  characterization 
may  be  found  in  papers  20,  29  and  41  in  Sec.  3.1. 
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Figure  10.  Exploded  schematic  of  camera.  Figure  11.  Example  of  camera  output. 

To  demonstrate  the  potential  of  this  system  to  provide  high  quality  images,  we 
collected  3-d  PLIF  images  of  an  acetone-seeded  air  jet.  Figure  12  shows  several  examples  of 
such  3-d  PLIF  data  processed  into  graphical  volume  renderings  for  qualitative  presentation. 
To  collect  this  data,  our  2-|a.sec  laser  was  tuned  and  frequency-doubled  to  provide  intense 
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ultraviolet  illumination  suitable  for  acetone,  which  we  recently  identified  as  an  excellent  PLIF 
tracer.  The  results  are  the  first  instantaneous  3-d  PLIF  images  of  such  high  quality,  and  they 
provide  us  msight  to  the  practical  chaUenges  associated  with  this  promising  3-d  technique. 
Further  example  applications  of  the  camera  system  are  presented  in  paper  37  in  Sec.  3.2. 


Figure  12,  3-d  PLIF  images  of  acetone-seeded  air  jet. 


Also  m  the  past  two  years,  we  have  substantially  reduced  the  image  distortions 
inherent  in  image  converter  cameras  operated  at  high  fiaming  rates.  The  source  of  the 
distortion  has  been  identified  as  uncompensated  electrodynamic  forces  arising  from  the  high 
charge  densities  associated  with  high  speed  operation  of  the  image  converter.  As  shown  in 
Figure  13  (a),  the  typical  distortion  appears  as  an  inward  bowing  that  substantially  changes 
the  shape  of,  in  this  case,  a  simple  rectangular  subject.  To  deal  with  this  distortion,  we  have 
developed  a  unique  post-processing  software  package  which  computes  the  electrodynamic 
force  field  for  a  given  image.  In  Figure  13  (b  and  c)  we  show  the  electrodynamic  “x”  and  “y” 
components  of  the  force  field  for  the  case  of  the  rectangular  subject.  Finally,  in  Figure  13  (d) 
we  show  the  corrected  image  in  which  we  have  reversed  the  effects  of  the  computed  force 
field  and  thereby  substantially  recovered  the  original  rectangular  geometry. 

This  image-distortion  model  and  our  software  procedures  for  correcting  such 
distortions  are  detailed  in  paper  47  in  Sec.  3.2,  and  were  also  presented  at  the  20th 
International  Congress  on  High  Speed  Photography  (see  presentation  29  in  Sec.  3.1).  There 
was  strong  interest  in  our  work,  particularly  from  the  Russian  scientists  and  major  camera 

manufacturers  anxious  to  improve  the  quality  of  results  obtained  with  current  image- 
converter  cameras. 
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(a)  (b)  (c)  (d) 


Figure  13.  (a)  Spatial  distortion  of  a  rectangular  subject;  (b  and  c)  x  and  y  distortion 
forces  (black=rightward  or  downward  force,  white=leftward  or  upward 
force);  (d)  corrected  imaging  showing  recovered  geometry. 

2.6  PLIF  Imaging  in  High-Speed  Flows 


Planar  laser-induced  fluorescence  (PLIF)  imaging,  pioneered  at  Stanford  under  support 
from  AFOSR,  is  of  growing  value  in  high-speed  propulsion  research.  Laser-based  diagnostics 
are  advantageous  in  these  severe  flow  environments  because  they  are  nonintrusive; 
additionally,  PLIF  can  yield  quantitative  two-dimensional  property  fields  on  a  nearly 
instantaneous  basis.  In  large,  high-enthalpy,  short-duration  flow  facilities,  an  ability  to  obtain 
information  on  the  flow  at  many  points  simultaneously  is  cmcial,  as  a  day  or  more  may  be 
required  between  facility  firings. 

The  focus  of  our  work  over  the  past  four  years  has  been  on  the  development  of 
velocimetry  and  thermometry  strategies  applicable  in  nonequilibrium  supersonic  flows 
relevant  to  advanced  propulsion  concepts.  Two  flow  configurations,  both  based  on  shock 
tubes,  have  been  utilized:  (1)  a  model  scramjet  flow  produced  by  pulsing  a  jet  of  gaseous 
(H2)  fuel  into  the  hot  supersonic  flow  behind  an  incident  shock  wave;  and  (2)  a  supersonic 
free  jet  produced  in  a  reflected-shock  tunnel. 

A  schematic  of  the  experimental  arrangement  used  to  develop  quantitative  single-shot 
thermometry  imaging  in  a  model  scramjet  flowfield  is  shown  in  Fig.  14.  The  temperature 
measurement  strategy  is  based  on  a  ratio  technique  in  which  two  independent  PLIF  images 
are  acquired  (essentially  at  an  instant,  but  actually  separated  in  time  by  about  200  nsec)  using 
two  independently  tunable  dye  laser  sources  and  two  intensified  CCD  cameras.  The  lasers 
are  tuned  to  wavelengths  which  excite  different  quantum  states  of  NO  (or  alternatively  OH  in 
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triggering  electronics 


Figure  14.  Schematic  of  the  experimental  facility  for  two-line  PLIF  imaging  of 
temperature  in  a  model  scram  jet  flow. 


related  experiments),  which  may  be  seeded  into  either  the  jet  alone  or  both  the  jet  and 
crossflow.  The  ratio  of  the  fluorescence  signals,  after  proper  normalization  for  laser  energy 
and  other  proportionality  factors,  yields  the  relative  populations  in  the  two  quantum  states, 
and  this  can  be  easily  converted  to  temperature.  This  methodology  is  known  as  the  two-line 
method,  and  it  has  significant  advantages  over  competing  methods  for  imaging  temperature. 
The  flowfield  investigated  and  an  example  result  are  shown  in  Fig.  15.  Typical  conditions  of 
the  freestream  are  1200-2200K,  0.5  atm,  and  Mach  1.5,  while  the  jet  is  hydrogen  seeded  with 
a  low  level  of  NO.  Use  of  a  pulsed  jet  minimizes  the  quantity  of  H2  required  for  an 
experiment  and  the  perturbation  to  the  pre-shock  test  gas  mixture.  The  results  shown 
represent,  to  our  knowledge,  the  most  quantitative  temperature  imaging  yet  achieved  in  a 
supersonic  flow;  typical  accuracy  levels,  set  by  shot  noise,  are  5-10%  for  these  experiments. 
Improvements  in  the  experimental  arrangement,  particularly  in  the  laser  pulse  energy,  could 
allow  improvements  in  accuracy  to  a  few  percent.  Further  details  of  this  work  may  be  found 
in  papers  30  euid  34  in  Sec.  3.2. 
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Instantaneous  PLIF  Temperature  Imaging  of  Scramjet  Flow 

»  Use  of  shock  tube  provides  access  to  a  wide  range  of  flow  conditions 
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Single-shot  images  reveal  large-scale  structures  not  apparent  in  averaged  images 
Results  confirm  utility  of  PLIF  measurements  for  scramjet  research 


Our  experiments  to  develop  PLIF  thermometry  and  velocimetry  imaging  in  a 
supersonic  free  jet  have  been  carried  out  in  a  reflection-type  shock  tunnel  facility,  constructed 
from  a  pressure-driven  shock  tube  by  adding  a  converging  nozzle  with  a  throat  diameter  of  5 
mm.  The  shock-tuimel  free  jet  provides  a  convenient,  economical  means  of  studying 
nonequilibrium  gasdynamic  phenomena  and  of  simulating  extreme  flow  conditions.  The  test 
gas  is  either  seeded  with  nitric  oxide  (NO)  or  contains  a  hydrogen/oxygen  mixture  which 
forms  hydroxyl  radicals  (OH)  in  the  flow  following  combustion  in  the  shock  tuimel  reservoir. 
PLEF  measurements  have  been  performed  with  both  of  these  fluorescent  species,  in  each  case 
using  a  tunable,  excimer-pumped  dye  laser  to  excite  individual  electronic  transitions  and 
collecting  the  resultant  broadband  fluorescence.  A  schematic  of  the  experimental  facility,  and 
representative  results  for  velocity  imaging  (axial  and  radial  components),  are  shown  in  Fig.  16. 

In  these  experiments,  sequential  fluorescence  bursts  are  induced  by  broadband 
counter-propagating  laser  sheets  directed  at  an  angle  through  the  axis  of  the  jet.  A  single 
frequency-doubled  dye  laser  pulse  split  into  two  parts  forms  the  sheets,  which  therefore  have 
identical  spectral  properties.  A  delay  of  200-300  ns  in  one  of  the  beams  temporally 
separates  the  PLIF  signals,  which  are  captured  by  the  gated,  intensified  charge  coupled  device 
(CCD)  arrays  mounted  above  and  below  the  test  section,  as  shown  in  Fig.  16.  Opposite 
Doppler  shifts  of  the  absorption  frequency  with  respect  to  the  beams  at  each  point  in  the 
flow  cause  a  velocity  dependence  in  the  resultant  image  pair.  A  difference-to-sum 
combination  of  the  images,  with  an  analysis  of  the  single-shot  laser  spectrum  and  the 
assumption  of  flowfield  symmetry,  yields  the  instantaneous  two-component  velocity  field  of 
the  free  jet.  The  rotational  temperature  field  is  obtained  by  taking  the  ratio  of  images  acquired 
by  exciting  two  different  rovibrational  transitions.  Each  image  in  the  ratio  is  formed  by 
summing  images  acquired  simultaneously  with  a  single  laser  shot  for  the  experimental 
arrangement  shown  here.  Alternatively,  a  single  laser  sheet  oriented  perpendicular  to  the  jet 
axis  has  frequently  been  used  in  collecting  an  image  which  yields  the  rotational  or  vibrational 
temperature  field,  when  compared  with  a  similar  image  obtained  by  exciting  a  different 
rovibrational  line.  A  method  of  characteristics  (MOC)  simulation  of  the  flowfield  has  also 
been  used  in  assessing  the  velocity  and  temperature  measurements^ 

An  example  of  the  velocity  results  obtained  in  our  work  is  given  in  Fig.  16,  where  we 
show  composite  velocity  images  based  on  the  MOC  calculation  and  on  a  single-shot  PLIF 
measurement  with  the  A«— X(0,0)  Pi  (1.5)  feature  of  NO.  In  each  case,  the  upper  part  of  the 
image  shows  the  radial  velocity  component,  while  the  lower  shows  the  axial  component.  The 
images  represent  regions  of  the  flowfield  43  x  15  mm  in  size,  with  a  resolution  of  0.23 
mm/pixel.  The  test  gas,  composed  of  4.6%  NO,  8%  H2O,  and  87.4  %  Ar,  was  shock-heated 
to  2000  K  and  4  atm  in  the  shock  tuimel.  The  reservdir  gas  then  exhausted  through  the 
nozzle  into  the  low  pressure  test  section,  yielding  a  free  jet  with  a  stagnation-to-ambient 
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INSTANTANEOUS,  TWO-COMPONENT  VELOCITY 
MEASUREMENTS  IN  A  SUPERSONIC  FREE  JET  USING  PLIF 

PLIF  signal  depends  on  Doppler  shift  of  absorbing  line  caused  by  bulk  flow  velocity 
Use  of  counter-propagating  laser  sheets  yields  radial  and  axial  velocities  simultaneously 
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pressure  ratio  of  ~95.  The  agreement  between  the  measured  and  predicted  velocity 
components  is  good  throughout  the  jet  core.  The  portions  of  the  flow  outside  of  the  core, 
where  the  flow  is  turbulent,  are  not  shown,  as  the  assumption  of  flowfield  symmetry  fails 
there.  The  component  of  the  velocity  in  the  direction  of  laser  propagation  was,  however, 
successfully  measured  throughout  the  imaged  region. 

An  example  of  PLIF  imaging  of  nonequilibrium  for  temperature  is  provided  in  Fig.  17. 
In  this  case  a  mixture  of  4.6/8.0/85.4  N0/H20/Ar  is  expanded  from  a  4  atm,  2000K  in  the  free 
jet,  and  the  temperature  is  inferred  from  ratios  of  PLIF  images  acquired  by  excitation  of 
different  rotational  and  vibrational  states  of  NO.  These  results  confirm  the  large  differences 
in  the  rotational  and  vibrational  temperature  fields  for  this  rapid-expansion  flowfield,  as  may 
be  expected  for  a  diatomic  molecule  with  relatively  large  vibrational  energy-level  spacing  such 
as  NO.  We  believe  these  represent  the  first  application  of  PLIF  thermometry  to  flows  with 
vibrational  nonequilibrium.  It  is  worth  noting  that  competing  methods  for  temperature 
imaging,  such  as  Rayleigh  scattering  and  single-line  fluorescence,  would  be  of  limited  use  in 
such  flows,  while  PLIF  can  be  easily  tailored  to  give  either  or  both  the  vibrational  and 
rotational  temperatures.  Details  are  available  in  papers  24,  42  and  45  of  Sec.  3.1. 

In  addition  to  these  results,  we  have  recently  demonstrated  PLIF  velocimetry  and 
thermometry  in  a  supersonic  free  jet  flowfield  with  OH,  again  using  single-shot  imaging.  At 
present,  the  velocity  fields  are  captured  during  a  single  laser  pulse;  while  two  separate  runs  of 
the  tunnel  are  required  to  capture  the  temperature  field,  because  only  one  excitation 
wavelength  is  used.  However,  the  extension  of  the  technique  to  either  instantaneous 
temperature  measurements  or  simultaneous,  single-shot  velocity  and  temperature 
measurements  is  straightforward.  Further  details  of  this  work  are  provided  in  paper  54  in 
Sec.  3.1. 

2.7  PLIF  Imaging  of  Acetone-Seeded  Flows 

Four  years  ago,  we  initiated  an  effort  to  siuwey  alternatives  to  the  use  of  biacetyl  as  a 
flowfield  tracer  in  PLIF  studies  on  turbulent  mixing  in  nonreactive  flows.  Until  that  time, 
biacetyl  was  the  preferred  choice  as  an  additive  owing  to  its  relatively  high  vapor  pressure, 
convenient  excitation  wavelength  range,  high  fluorescence  yield,  and  other  less  critical  factors. 
The  development  and  use  of  biacetyl  seeding  in  turbulent  jet  mixing  experiments  at  Stanford 
had  previously  led  to  the  first  high-quality  image  data  for  instantaneous  scalar  fields.  These 
data  were  well  received  by  the  turbulence  community  owing  both  to  their  uniqueness  (in 
providing  instantaneous,  full-field  results  for  the  jet  mixture  fraction)  and  to  the  high  quality 
of  the  data,  especially  the  high  signal-to-noise  ratio  and  high  dynamic  range  achieved. 
Unfortunately,  biacetyl  is  limited  in  its  applicability  to  high-speed  flows  owing  to  the 
relatively  long  radiative  decay  time  (about  1  millisecond)  of  the  phosphorescent  emission 
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PLIF  MEASUREMENTS  OF  MULTIPLE  TEMPERATURES 
VIBRATIONALLY-RELAXING,  SUPERSONIC  FLOWFIE 

•  Vibrationally-nonequillbrated  flows  have  two  temperatures:  T„(  and  Tvib 
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(long  decay  times  lead  to  blurring  in  single-shot  images).  Thus,  as  the  direction  of  our 
research  began  to  emphasize  high-speed  and  supersonic  flows,  we  decided  to  review 
alternative  molecular  tracers. 

Although  our  survey  identified  several  attractive  compounds,  we  eventually  selected 
acetone  as  best-suited  to  our  needs  for  a  fluorescent  tracer.  Details  of  our  analysis  of  acetone 
photophysics  have  been  published  (see  paper  25  in  Sec.  3.2).  Here  we  mention  only  the 
primary  advantages  of  acetone:  (1)  acetone  has  a  high  vapor  pressure,  about  180  torr  at  room 
temperature,  so  that  it  can  be  easily  seeded  at  high  levels;  (2)  it  is  economical,  easily  handled 
and  non-toxic,  so  that  safety  is  not  a  problem;  (3)  the  peak  absorption  is  at  275  nm,  but 
reasonably  efficient  excitation  occurs  at  the  convenient  laser  wavelengths  of  248  nm,  266  nm 
and  308  nm;  (4)  the  fluorescence  quantum  yield  is  high,  about  0.2%,  and  is  independent  of  the 
presence  of  O2;  (5)  the  emission  has  short  lifetime  (4  nsec)  and  occurs  in  a  wide  band  which 
peaks  at  480  nm,  in  the  visible,  so  that  it  can  be  recorded  on  an  unintensified  camera;  and  (6) 
we  estimate  that,  at  room  temperature  and  with  existing  laser  sources,  the  fluorescence  signals 
achievable  with  acetone  are  only  about  a  factor  of  six  less  than  the  high  phosphorescence 
signals  obtained  with  biacetyl.  Thus  it  is  possible  to  obtain  both  high  SNR  and  high  signal 
resolution  (dynamic  range),  comparable  to  our  past  experience  with  biacetyl,  in  high  speed 
flows  seeded  with  acetone. 

In  reviewing  options  for  exciting  acetone,  we  realized  that  308  nm  light  from  a  xenon 
chloride  (XeCl)  excimer  laser  offered  an  important  advantage,  namely  that  it  could  be  used  to 
simultaneously  excite  fluorescence  of  OH,  which  has  a  few  absorption  lines  which  he  under 
the  output  curve  of  typical  (XeCl)  laser  output.  To  demonstrate  this  concept  of 
simultaneous  PLIF  imaging  of  multiple  species  (i.e.,  acetone  and  OH),  we  first  performed 
experiments  in  a  simple  diffusion  flame.  The  fuel,  nominally  H2,  was  seeded  with  acetone 
(about  10%  by  mol  fraction),  and  burned  in  ambient  air.  Two  time-gated  intensified  CCD 
cameras  were  used  to  capture  the  resulting  PLEF  images,  as  indicated  schematically  in  Fig.  18. 
The  OH  images  were  separated  from  the  acetone  images  through  use  of  spectral  filters;  a  10 
nm  bandpass  filter  centered  at  310  nm  was  used  for  the  OH  charmel  and  a  broad  bandpass 
filter  selected  the  350-470  nm  light  from  the  acetone  emission.  Example  results  for  a  flame 
with  jet  Re  =  24,000  are  shown  in  Fig.  19.  The  field  imaged  is  6  cm  x  8  cm,  the  bottom  of 
which  is  16  dia  above  the  2.2  mm  nozzle.  Note  the  capability  to  obtain  high  quality  images 
for  both  species  with  a  very  simple  experimental  arrangement.  Mie  scattering  from  dust  in 
the  ambient  air  is  also  evident.  The  virtue  of  this  diagnostic  strategy  is  the  ability  to  utilize  a 
single  laser  while  obtaining  information  on  multiple  species. 
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acetone  LIF  lens 


Figure  18.  Experimental  setup  for  combined  OH/acetone  PLIF  imaging. 

Ehiring  the  past  two  years  we  also  investigated  the  applicability  of  the  combined 
OH/acetone  imaging  concept  for  supersonic  flows.  A  detailed  analysis  was  carried  out  to 
establish  the  regimes  in  which  acetone  could  serve  as  representative  tracer  of  hydrocarbon 
fuels  in  reacting  (combusting)  flows,  and  this  analysis  pointed  clearly  to  high-speed  flows  as 
optimum.  There  is  good  reason  to  believe  that  the  primary  difficulty  observed  in  using 
acetone  as  a  tracer  in  a  low  speed  diffusion  flame,  namely  the  difference  in  thermal 
decomposition  of  the  true  fiiel  and  the  acetone  tracer,  would  be  eliminated  in  supersonic 
mixing  layers  where  the  time  scales  of  interest  are  very  short.  The  experiments  to  test  this 
hypothesis,  conducted  in  Stanford’s  supersonic  mixing  facility,  were  a  collaboration 
involving  Drs.  Yip  and  Seitzman  of  our  diagnostics  group  with  Mike  Miller  and  Toby  Island, 
who  were  graduate  students  conducting  their  Ph.D.  thesis  work  in  this  facility  under  separate 
AFOSR  support.  The  flowfield  under  study  is  a  planar  supersonic  mixing  layer,  with  high¬ 
speed  vitiated  air  on  top  and  lower  speed  ((sonic)  fuel  (H2)  seeded  with  acetone  on  the 
bottom.  The  mixing  and  subsequent  combustion  of  these  gases,  under  supersonic  flow 
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SIMULTANEOUS  OH  AND  ACETONE  FLUORESCENCE  IMAGING 

USING  ONE  EXCITATION  LASER 
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OH  fluorescence  (reaction  zone  information) 

Acetone  fluorescence  (cold  fuel  information) 

Air  dust  Mie  scattering  (ambient  air  information) 

Figure  19.  Simultaneous  OH  and  acetone  fluorescence  imaging  using  one  excitation  laser. 


conditions,  is  highly  relevant  to  current  research  on  scramjets.  We  explored  two  excitation 
strategies:  (1)  308  nm  light  from  a  tunable  XeCl  laser;  and  (2)  285  nm  light  from  a  tunable 
dye  laser.  Both  schemes  excite  both  OH  and  acetone,  but  the  use  of  285  nm  allows  excitation 
of  the  1-0  band  of  OH  and,  by  use  of  1-1  plus  0-0  detection,  gives  excellent  discrimination 
against  elastically  scattered  light.  The  result  of  this  measurement  strategy  is  a  significant 
improvement  in  the  signal-to-noise  ratio  of  the  OH  images.  Details  of  this  work  are  available 
in  paper  52  in  Sec.  3.1  and  paper  48  in  Sec.  3.2. 

As  a  last  example  of  PLIF  employing  acetone,  we  summarize  work  during  the  past 
three  years  to  develop  a  scheme  for  measuring  mixing  on  a  molecular  scale.  The  objective  is 
to  find  a  way  to  eliminate  the  bias  in  PLIF  measurements  of  mixing  owing  to  the  finite  size  of 
the  imaged  volume.  (In  short,  our  usual  PLEF  images  are  imable  to  resolve  mixing  scales 
below  the  size  of  the  imaged  volume.)  Our  strategy,  which  is  a  refined  version  of  ideas  put 
forth  previously  by  other  groups,  can  be  described  with  the  help  of  the  schematic  shown  in 
Fig.  20.  We  imagine  that  the  problem  of  interest  involves  the  mixing  between  two  gaseous 
streams,  one  seeded  with  biacetyl  and  the  other  with  acetone.  A  pulse  of  laser  light  is  used 
to  excite  the  first  excited  singlet  state  of  acetone,  and  the  absorbed  photons  nearly  all  are 
returned  to  the  groimd  state  by  quenching  collisions.  A  small  fraction  of  these  absorbed 
photons  are  emitted  as  fluorescence,  and  this  signal,  in  the  blue,  is  directly  proportional  to  the 
local  concentration  of  acetone.  However,  wherever  acetone  molecules  are  in  intimate  contact 
with  biacetyl  molecules,  a  transfer  of  energy  occurs  to  the  first  excited  triplet  state  of 
biacetyl,  and  some  of  these  molecules  then  emit  fluorescence  in  the  green.  Thus,  green  light  is 
only  emitted  when  mixing  has  occurred  to  the  molecular  level.  A  typical  two-color  image 
acquired  in  a  preliminary  study  of  this  concept  appears  in  Fig.  20. 

We  have  developed  a  detailed  model  to  characterize  the  behavior  of  acetone-biacetyl 
systems  as  a  fimction  of  the  various  parameters:  e.g.,  mixture  fraction,  pulse  energy, 
collisional  cross-sections,  radiative  rates,  etc.  This  model  (see  paper  43  in  Sec.  3.1  and  paper 
38  in  Sec.  3.2)  confirms  the  feasibility  of  the  approach  and  allows  prediction  of  the  signal 
dependences  (uv  and  green)  on  the  extent  of  molecular  mixing.  Although  difficulties  remain, 
we  believe  that  this  general  approach  has  considerable  merit  for  application  in  fimdamental 
studies  of  mixing. 

2.8  Degenerate  Four-Wave  Mixing 

Four  years  ago,  we  initiated  a  study  of  innovative  diagnostic  methods  based  on 
degenerate  four-wave  mixing  (DFWM).  A  relatively  new  diagnostic,  DFWM  is  a  spatially 
resolved  technique  which  is  complementary  to  LIF.  It  offers  potential  advantages  in  some 
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ACETONE-SENSITIZED  BIACETYL  PHOSPHORESCENCE  ALLOWS 
MEASUREMENT  OF  MOLECULAR  MIXING  IN  GASEOUS  FLOWS 


O 

(/5 

C3 

O 

(50 

2 

o 

(/} 

B 

a> 

o 

o 

43 

Oh 

c/3 

O 

Dh  cd 

^  s 

O  ^ 
^  O 

:i  a 


T3 

(D 

O 


T3 

<D 

.a 

6 

(L> 

> 


>>  2 
33 

cd  00 
C2  T3 

.2  ‘3 

.2  G 

3  S 
u  B 


32 


Study  is  in  progress  to  obtain  quantitative  mixing  information  from  sensitized  bi¬ 
acetyl  phosphorescence  and  simultaneous  acetone  fluorescence 

Figure  20.  Schematic  diagram  and  example  results  for  PLIF  imaging  of  molecular  mixing. 


applications,  though  it  is  more  complicated  and  less  well  imderstood  than  LIF.  In  particular, 
DFWM  generates  a  coherent  signal  beam  which  is  useful  for  both  remote  sensing  and 
rejection  of  rmwanted  background  light;  and  it  is  a  Doppler-ffee  technique  allowing  very 
highly  resolved  (spectrally)  spectroscopic  measurements.  Although  this  technique  requires 
absorption  of  light,  it  does  not  necessarily  require  subsequent  re-emission  of  light.  Thus,  it 
can  be  used  to  probe  non-fluorescing  transitions  as  are  commonly  found  in  the  infrared.  In 
summary,  while  it  is  more  difficult  to  perform  and  understand,  DFWM  has  some  attractive 
qualities  when  compared  to  LIF,  and  hence  continued  research  on  this  subject  is  merited. 

Over  a  year  ago,  in  collaboration  with  researchers  at  Sandia  National  Laboratories  in 
Livermore,  CA  (SNLL),  we  set  a  goal  of  developing  improved  understanding  of  the  effects  of 
collisional  quenching  on  both  DFWM  and  LIF.  (The  SNLL  component  of  the  effort  is 
sponsored  by  DoE.)  We  found  that  DFWM  has  a  reduced  dependence  on  quenching 
compared  to  LIF  (see  paper  32  in  Sec.  3.2).  Another  effect  of  collisional  quenching  we 
observed  was  the  generation  of  DFWM  signal  from  a  process  known  as  the  thermal-grating 
mechanism.  We  believe  that  thermal  gratings  show  promise  as  a  flow  diagnostic  for  reactive 
environments  (see  papers  57-59  in  Sec.  3.1  and  papers  45, 46  in  Sec.  3.2). 

Conventionally,  DFWM  diagnostic  measurements  have  been  performed  using  the 
population-grating  mechanism.  Population  gratings  result  when  an  interference  pattern 
generated  by  two  crossed  laser  beams  causes  a  spatial  modulation  of  excited-state  molecules 
in  an  absorbing  medium.  A  portion  of  a  third  beam  incident  on  this  population  modulation  is 
diffracted  by  the  grating  in  a  well-prescribed  direction,  generating  a  signal  beam.  In  the 
presence  of  rapid  collisional  quenching,  another  process  known  as  the  thermal-grating 
mechanism  is  the  dominant  DFWM  mechanism.  Thermal  gratings  were  observed  in  liquids 
and  solids  for  many  years,  but  they  were  only  identified  in  the  gas  phase  recently  at  SNLL. 

Thermal  gratings  arise  when  the  energy  absorbed  by  molecules  in  population-grating 
DFWM  is  collisionally  converted  to  heat  by  quenching,  resulting  in  a  spatially  modulated 
heat  addition.  The  heat  addition  perturbs  the  gas  density,  which  spatially  modulates  the 
refractive  index  of  the  gas.  These  index  of  refraction  modulations  can  contribute  to  the 
DFWM  signal.  We  developed  a  simple  model  for  this  process  to  predict  the  major 
temperature  and  pressure  dependencies  of  thermal  gratings.  Adding  more  physics  to  the 
model,  we  were  able  to  predict  the  time  evolution  of  thermal  grating,  which  can  have  a  ringing 
structure. 

Fig.  21  shows  a  typical  measurement  of  this  thermal-grating  time  evolution.  The 
grating  was  written  into  the  NO/CO2  gas  mixture  by  two  crossed  beams  from  a  226-nm  laser 
tuned  to  the  resonance  of  the  Oi2(2)  transition  of  nitric  oxide.  We  read  out  this  grating  with 
an  independent  pulsed  laser  (the  "backward-pump"  beam),  with  a  variable  delay.  Rapid 
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collisional  quenching  caused  strong  modulations  in  the  thermal  grating  signal,  as  shown  in  the 
figure.  Our  one-dimensional  hydrodynamics  model  accurately  agrees  with  the  measured  data. 
The  frequency  of  the  ringing  structure  is  dependent  only  upon  known  experimental 
parameters  and  the  speed  of  sound  in  the  gas.  By  measuring  this  frequency,  we  are  able  to 
measure  the  speed  of  sound,  and  can  estimate  the  temperature.  This  technique  could  be  used 
to  measure  temperature  in  certain  environments  where  LIF  is  not  applicable.  In  particular, 
this  technique  is  likely  to  be  especially  useful  under  high-density  conditions  where  strong 
thermal-grating  DFWM  signals  are  expected;  and  these  signal  intensities  are  essentially 
independent  of  the  total  pressure. 


Backward  Pump  Delay  (ns) 

Fig.  21:  Experimental  and  theoretical  temporal  evolution  of  thermal  gratings  by 
excitation  of  nitric  oxide.  The  gas  mixture  consisted  of  ~50  mTorr  of  NO 
in  1000  Torr  of  COj  at  295  K.  The  observed  20  ns  oscillation  period  is 

consistent  with  the  known  grating  fringe  spacing,  5.4  |xm,  and  calculated 
speed  of  sound  of  the  gas  mixture,  268  m/s. 


Another  diagnostic  we  have  developed  in  the  past  year  is  a  velocimetry  technique 
based  on  nearly-degenerate  four-wave  mixing  (NDFWM)  (paper  60  in  Sec.  3.1).  Again  in 
collaboration  with  researchers  at  SNLL,  we  sought  to  develop  a  velocimetiy  technique  with  a 
collimated,  coherent  signal  beam  allowing  spatially-resolved  velocity  measurements  in 
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luminous  environments  and  remote-sensing  applications  where  optics  and  detectors  cannot  be 
placed  near  the  experiment. 

The  technique  has  a  simple  interpretation:  Two  laser  beams  (known  as  the  forward- 
pump  and  the  probe  beams)  of  nearly  the  same  frequency  cross  in  an  absorbing  medium 
forming  interference  fringes.  Since  the  frequencies  of  the  two  beams  are  different,  the  fringes 
move  with  a  velocity  proportional  to  the  spectral  detuning  of  the  beams.  When  the  fringes 
move  with  the  same  speed  as  the  flow,  they  write  a  population  grating  into  the  media.  A 
third  laser  beam  incident  on  this  perturbation  is  partially  diffracted,  generating  the  signal 
beam.  By  scanning  the  frequency  of  the  probe  beam  only,  the  fringes  move  at  different 
velocities.  When  the  velocity  of  the  fringes  equals  the  velocity  of  the  flow,  a  signal  maximum 
is  observed. 

We  have  experimentally  demonstrated  the  technique  in  a  simple,  well-understood 
flow:  a  free  jet  expanding  into  a  vacuum.  Velocity  measurements  were  performed  using 
NDFWM  and  LIF  at  the  same  conditions  and  then  compared  to  simple  theoretical 
predictions.  We  used  two  independently-tunable,  pulsed,  single-longitudinal-mode,  226-nm 
lasers  to  probe  the  Rl(0)  line  of  nitric  oxide.  The  probed  volume  was  located  15  mm 
downstream  from  a  1-mm  diameter  pulsed  nozzle. 

The  probe  beam  was  scanned  near  the  spectral  resonance,  causing  the  fringe  pattern  to 
move  at  varying  velocities  and  leading  to  a  two-peaked  structure  as  indicated  in  Fig.  22.  The 
left  peak  for  LIF  corresponds  to  the  Doppler  shift  of  the  NO  in  the  jet  relative  to  the  18 
degree  probe-beam  /  jet  crossing  angle.  The  right  peak  corresponds  to  LIF  observed  from 
excitation  by  retro-reflecting  the  probe  beam  through  the  same  observation  volume.  The 
NDFWM  spectral  peaks  shown  also  correspond  to  the  same  Doppler  shifts.  Alternatively, 
they  can  be  thought  of  as  the  frequencies  which  cause  the  fiinges  to  move  at  the  flow 
velocity.  The  left  hand  NDFWM  peak  was  generated  by  the  fringes  described  above 
convecting  with  the  flow.  The  right  hand  peak  was  generated  by  retro-reflecting  both  the 
probe  and  forward-pump  beams  to  generate  a  second  moving  grating.  This  second  set  of 
fiinges  moves  the  opposite  direction  of  the  first  for  a  given  probe  tuning.  By  scanning  the 
probe  to  the  other  side  of  the  resonance,  we  observe  a  second  peak.  Thus,  the  technique  is 
self-referencing.  Analysis  of  these  spectra  showed  better  than  3%  agreement  between  the 
theoretical  and  measured  velocities  for  both  techniques. 

Currently,  we  are  attempting  to  use  diode  lasers  to  make  DFWM  measurements  of 
atomic  species  in  a  plasma.  One  of  the  goals  of  this  experiment,  which  is  being  performed  in 
the  HTGL  at  Stanford  University,  is  to  make  useful  DFWM  measurements  with  inexpensive 
and  easy-to-use  diode  lasers.  DFWM  with  atomic  species  in  plasmas  can  potentially  be  used 
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to  measure  properties  such  as  kinetic  temperature  and  electron  number  density  from  the 
width  and  shape  of  the  DFWM  spectral  feature. 


Probe  Frequency  -  44,000  (cnr'') 

Fig.  22:  LIF  andNDFWM  velocity  measurements  in  a  free  jet.  Gas  mixtures  of  1% 
NO  in  carrier  gases  of  argon  and  helium  were  used  to  generate  different 
flow  velocities  and  spectral  shifts.  The  upper  three  scans  are  offset  from  the 
origin  for  clarity. 
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2.9  Diagnostics  for  High-Pressure  Systems 

During  the  final  year  of  this  program  we  initiated  a  new  research  effort  aimed  at 
exploring  fundamental  aspects  of  laser-based  diagnostics  for  high-pressure  combustion 
systems.  This  work  is  motivated  by  the  emerging  need  for  nonintrusive  diagnostic  methods 
suitable  for  probing  the  advanced  combustion  and  propulsion  systems  which  will  operate  at 
increased  pressure  levels.  Systems  of  interest  include  aircraft  engines,  the  ram  accelerator, 
chemical  rockets,  fuel  handling  systems  of  future  aircraft  (which  will  involve  combinations  of 
high  pressure  and  temperature),  and  certain  solid  propellant  systems.  Until  recently,  nearly 
all  work  with  laser-based  diagnostics  has  been  done  at  pressures  near  atmospheric,  with  the 
notable  exception  of  measurements  in  IC  engines  which  may  involve  pressure  levels  of  30-50 
atm.  Research  to  establish  quantitative  laser  diagnostic  methods  for  application  in  systems  at 
higher  pressures  is  clearly  needed  and  timely. 

Our  plan  has  been  to  utilize  a  shock  tube  as  a  device  for  generating  a  wide  range  of 
accurately  known  pressures  and  temperatures.  This  is  an  attractive  approach  owing  both  to 
our  long  experience  with  shock  tubes  and  to  the  fact  that  ONR  has  funded  a  new  high- 
pressure  shock  tube  in  our  laboratory  which  will  be  used  for  studies  of  gas-phase  kinetics 
relevant  to  combustion  of  energetic  materials.  We  plan  to  use  this  same  facility  for  our 
AFOSR-sponsored  diagnostics  research.  Fabrication  and  installation  of  the  shock  tube  were 
completed  during  this  past  year,  and  testing  of  the  system  is  now  in  progress.  This  facility  is 
unique  in  the  United  States  and  will  allow  fundamental  investigations  of  spectroscopy  and 
diagnostic  concepts  over  a  wide  range  of  pressure  and  temperature.  A  plot  of  projected  test 
conditions  accessible  in  reflected  shock  waves  is  given  in  Fig.  23.  Note  that  pressures  of  up 
to  1000  atm  are  achievable  at  combustion  temperatures. 

Although  there  are  several  diagnostic  methods  we  wish  to  study,  including 
spontaneous  Raman,  laser-induced  fluorescence,  degenerate  four-wave  mixing  (and  related 
wave-mixing  concepts),  and  line-of-sight  absorption,  we  have  focused  our  analytical  work 
thus  far  on  the  simplest  problem,  namely  the  influence  of  pressure  on  absorption  lineshapes 
and  positions.  This  is  a  critical  issue,  since  laser  absorption  is  our  most  quantitative  tool,  and 
it  will  be  essential  to  use  this  measurement  method  as  we  push  the  shock  tube  into  an 
operating  regime  where  ideal  gas  theories  will  no  longer  apply  without  corrections,  e.g.  for 
dense  gas  effects. 

An  example  of  calculations  conducted  thus  far  for  the  influence  of  pressure  on 
spectral  line  (or  peak)  shifts  at  a  temperature  of  2000K  is  shown  in  Fig.  24.  Two  models 
have  been  utilized:  a  conventional  line-shift  model  based  on  binary  collisions  which  is 
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Fig.  23.  Reflected  shock  wave  properties  in  argon  for  two  driver  gas  (helium)  pressures. 
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Fig.  24  Peak-shifts  of  NO  A4-X(0,0)  absorption  lines  predicted  by  binary-collision 
and  statistical  theories. 


commonly  applied  at  atmospheric  pressures;  and  a  statistical  theory,  appropriate  for  “high 
pressures,”  which  incorporates  the  effects  of  continuous  perturbation  of  molecular  energy 
levels.  The  results  shown  are  for  nitric  oxide  (NO),  a  species  of  particular  interest  owing  to 
its  importance  as  a  combustion-generated  pollutant.  (We  have  drawn  on  recent  work  by 
Vyrodov  et  al.  at  the  DLR  in  Stuttgart  for  elements  of  the  curves  in  Fig.  24.)  Although  these 
calculations  are  preliminary  and  have  not  yet  been  validated,  they  reveal  dramatic  differences 
in  the  prediction  of  this  spectral  parameter  at  pressures  as  low  as  50  atm;  and  results  for 
collisionally  broadened  linewidths  show  similar  characteristics.  (These  differences  occur  at 
even  lower  pressures  when  the  temperature  is  decreased.)  Since  quantitative  application  of 
most  laser  diagnostic  methods  depends  directly  on  the  availability  of  accurate  spectral 
absorption  models,  and  these  models  rely  in  turn  on  knowledge  of  parameters  such  as  line- 
broadening  and  -shift  coefficients,  it  is  clear  that  research  will  be  needed  to  measure  these 
parameters  and  to  map  out  the  range  of  applicability  of  candidate  theoretical  models.  The 
availability  of  the  new  shock  tube  will  allow  the  first  detailed  study  of  these  and  other 
spectroscopic  issues  as  well  as  investigation  of  promising  new  diagnostic  concepts. 
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through  42  listed  in  Sec.  3.2. 


50 


LASERS,  PHOTONICS,  AND  ENVIRONMENTAL  OPTICS 


a  reprint  from  Applied  Optics 


Temporally  resolved,  two-line  fluorescence 
imaging  of  NO  temperature  in  a  transverse  jet  in  a 
supersonic  cross  fiow 


Brian  K.  McMillin,  Jennifer  L.  Palmer,  and  Ronald  K.  Hanson 


Temporally  resolved  temperature  imaging  of  a  fuel  jet  in  a  hot,  nonoxidizing  supersonic  cross  flow  is 
described.  The  temperature  measurements  are  obtained  with  two  lasers  and  two  intensified  cameras, 
with  a  two-line  ratio  of  planar  laser-induced  fluorescence  from  nitric  oxide,  seeded  either  in  the  jet  or  in 
both  the  jet  and  the  cross  flow.  Diagnostic  issues  related  to  the  application  of  the  two-line  technique  in 
high-speed  combustion  flows  are  addressed  and  include  temperature  sensitivity,  transition  selection, 
measurement  resolution,  fluorescence  lifetime,  temporal  resolution,  and  intensifier  and  camera  dynamic- 
range  limitations.  Single-shot  and  frame-averaged  side-view  temperature  images  of  the  flow  field  are 
presented,  and  the  measurement  uncertainties,  which  are  dominated  by  photon  statistical  noise  and 
pulse-to-pulse  laser  fluctuations,  are  discussed. 

Key  words:  Planar  laser-induced  fluorescence,  PLIF,  temperature  imaging,  instantaneous  tempera¬ 
ture  measurements,  nitric  oxide  fluorescence,  transverse  jet  in  supersonic  cross  flow,  SCRAMJET,  jet 
mixing. 


1.  Introduction 

The  value  of  planar  laser-induced  fluorescence  (PLIF) 
imaging  as  a  diagnostic  technique  in  fluid  mechanics 
and  combustion  studies  is  now  widely  recognized. 
While  most  of  the  previous  PLIF  applications  have 
been  used  for  flow  visualization  or  for  qualitative 
measurements,  current  PLIF  research  is  directed 
toward  making  more  quantitative  measurements  on 
both  a  time-averaged  and  a  temporally  resolved  basis. 
Generally,  time-averaged  measurements  are  useful 
for  validation  of  existing  computational  flow  models, 
but  there  is  a  clear  need  for  temporally  resolved  or 
instantaneous  imaging  measurements  in  realistic  mix¬ 
ing  and  combustion  flow  fields.  For  example,  tempo¬ 
rally  resolved  measurements  are  needed  to  increase 
the  understanding  and  to  improve  the  modeling  of 
turbulent  mixing  mechanisms  in  nonreacting  flows 
and  of  the  interaction  between  turbulence  and  com¬ 
bustion  in  reacting  flows. 

One  of  the  most  promising  applications  for  quanti¬ 
tative,  instantaneous  PLIF  measurements  in  combus- 
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tion  flows  is  temperature  imaging.  Temperature 
measurements  are  generally  useful  in  combustion 
applications  for  examining  fuel  and  air  mixing,  when 
the  streams  are  at  different  temperatures;  for  moni¬ 
toring  the  heat  release  and  its  influence  on  the  fluid 
mechanics;  for  locating  reaction  zones  and  burned 
and  unburned  gases;  and  for  stud3dng  the  convective 
heat  transfer  to  combustor  walls.  PLIF  thermom¬ 
etry  techniques  are  well  established  and  have  been 
demonstrated  in  a  variety  of  flows  by  use  of  the 
hydroxyl  radical  molecular  oxygen,®  io¬ 
dine,®*^®  and  nitric  oxide  as  the  temperature 

tracer.  However,  instantaneous  data  and  detailed 
two-dimensional  measurements  in  complex  mixing 
and  combustion  flows  have  been  limited. 

In  this  paper,  we  describe  what  is  to  our  knowledge 
the  first  detailed  example  of  temporally  resolved, 
two-line  NO  temperature  imaging  in  a  complex, 
combustion-related  flow  field.  The  two-line  strategy 
used  here  was  originally  devised  by  Cattolica^®  for  OH 
temperature  measurements,  and  it  was  later  applied 
to  NO  for  single-point  measurements  in  a  low- 
temperature,  wind-tunnel  boundary  layer.  The 
measurements  described  here  are  based  on  the  ratio 
of  fluorescence  sisals  obtained  following  sequential 
laser  excitation  of  two  rovibronic  transitions  originat¬ 
ing  from  different  rotational  states  in  the  A  <— 
X  (0,  0)  band  of  NO.  Although  rather  equipment 
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intensive,  the  two  laser-two  camera  technique  em¬ 
ployed  here  is  particularly  useful  in  flows  that  are 
compressible  or  that  vary  in  composition,  because  in 
taking  the  ratio  of  fluorescence  signals,  the  signal 
dependence  on  number  density,  absorbing-species 
mole  fraction,  and  collisional  quenching  is  removed. 
Thus,  unlike  previous  NO  temperature-imaging  ex¬ 
periments,  the  two  laser-two  camera  technique  is 
not  limited  to  steady  flows  or  to  flows  with  a  constant 
mole  fraction  of  NO. 

To  illustrate  the  application  of  instantaneous  tem¬ 
perature  imaging,  we  discuss  measurements  obtained 
in  a  supersonic  combustion  ramjet  (SCRAMJET) 
model  flow  field,  i.e.,  a  combustion  system  in  which  a 
cold  hydrogen  jet  is  injected  into  a  hot  supersonic 
cross  flow.  The  flow  field  was  generated  in  a  shock 
tube  by  sonic  injection  of  fuel  (seeded  with  NO) 
through  a  pulsed  valve,  into  the  high-temperature 
supersonic  cross  flow  generated  by  the  passage  of  an 
incident  shock  wave.  Although  the  flow  examined  is 
nonreacting,  it  is  a  challenging  environment  for 
instantaneous  temperature  measurements  because 
of  the  wide  variation  in  pressure,  temperature,  compo¬ 
sition,  and  velocity  throughout  the  flow.  As  a  result, 
this  study  serves  to  demonstrate  the  feasibility  of  the 
technique  in  other  practical  combustion  environ¬ 
ments. 

NO  is  an  attractive  probe  species  for  this  applica¬ 
tion,  because  it  is  present  naturally  in  the  free-stream 
region  of  many  high-enthalpy  air  facilities  and  can  be 
easily  seeded  into  the  hydrogen  fuel  jet.  In  reacting 
flows,  the  use  of  NO  as  a  fuel  tracer  is  also  attractive 
because  it  provides  the  opportunity  for  making  tem¬ 
perature  measurements  throughout  the  flow  field,  in 
contrast  to  measurements  with  combustion  radicsds 
such  as  OH  that  are  feasible  in  the  reaction  zones  or 
burned-gas  regions.  In  reacting  flows,  however,  the 
NO  may  sensitize  ignition^®  and  may  be  partially 
consumed  by  the  combustion  process;  but,  assuming 
the  surviving  NO  is  sufficient  for  fluorescence  detec¬ 
tion,  accurate  two-line  temperature  measurements 
are  still  possible  because  the  NO-mole-fraction  depen¬ 
dence  cancels  in  the  signal  ratio. 

NO  is  also  an  attractive  tracer  from  a  diagnostic 
standpoint  for  several  reasons:  First,  it  provides  a 
relatively  strong  absorption  cross  section  and  good 
fluorescence  efficiency,  which  is  crucial  for  imaging 
applications.  Second,  it  exhibits  strong  nonresonant 
fluorescence  signals,  which,  when  combined  with 
spectral  filtering,  can  alleviate  potential  problems 
with  radiative  trapping  and  laser  scattering.  Third, 
it  does  not  exhibit  J-dependent  radiative  lifetimes  or 
quenching  rates  that  can  lead  to  systematic  measure¬ 
ment  errors.  Finally,  its  spectroscopy  is  well  charac¬ 
terized,  which  facilitates  modeling  and  interpretation 
of  the  fluorescence  signal.  It  should  be  noted,  how¬ 
ever,  that  although  NO  offers  these  advantages  from 
a  diagnostic  standpoint,  it  is  toxic,  and  this  may  limit 
its  practical  use  in  large-scale  flow  facilities. 

In  the  following  sections  we  discuss  the  application 
of  instantaneous,  two-line  NO  temperature  imaging 


in  a  nonreacting  hydrogen  jet  in  supersonic  cross 
flow.  The  two-line  temperature-imaging  strategy  is 
briefly  reviewed,  and  various  diagnostic  issues  related 
to  applying  the  technique  in  these  flows  are  ad¬ 
dressed,  including  temperature  sensitivity,  transition 
selection,  measurement  resolution,  fluoresence  life¬ 
time,  and  signal  dynamic-range  limitations.  The 
experimental  setup  and  data-reduction  procedure  are 
then  described,  and  temporally  resolved  and  frame- 
averaged,  sideview  temperature  images  are  presented. 
Finally,  the  relative  temperature  uncertainties  are 
estimated,  including  those  due  to  photon  statistical 
noise  and  fluctuations  in  the  laser  mode  structure. 

2.  Measurement  Technique 

A.  Two-Line  Temperature-Imaging  Strategy 

For  weak  (i.e.,  nonperturbing)  pulsed  laser  excitation, 
the  temporally  integrated,  broadband  fluorescence 
signal,  Sf,  can  be  modeled  by^ 

Sf  =  BEg{N,T)fs{T)N,Mxi,N,Th^^  (1) 

where  B  is  the  Einstein  coefficient  for  stimulated 
absorption;  E  is  the  laser  pulse  energy;  g{Nj  T)  is  the 
overlap  integral  between  the  absorption  and  laser  line 
shapes;  /b(T)  is  the  Boltzmann  population  fraction  of 
the  absorbing  state;  iVabs  is  the  absorbing-species 
number  density;  V  is  the  measurement  volume; 

T)  is  the  fluorescence  3deld,  which  depends 
on  the  species  mole  fractions  Xb  the  spontaneous- 
emission  (A)  and  collisional  quenching-rate  coeffi¬ 
cients  (Q),  and  is  given  by  4)  =  A/[A  -h  Q{xi,  N,  T)];  in 
is  the  optical-collection  efficiency;  and  il/Air  is  the 
optical-collection  solid  angle.  As  indicated  in  Eq.  ( 1), 
laser-induced  fluorescence  is  a  complicated  function 
of  the  chemical  composition,  number  density,  absorp¬ 
tion  linewidth,  Boltzmann  fraction  of  the  absorbing 
state,  and  the  local  collisional  transfer  rates.  How¬ 
ever,  several  strategies  including  both  one-  and  two- 
wavelength  techniques  have  been  developed  to  isolate 
the  temperature  dependence  of  the  signal  in  various 
situations.^® 

For  imaging  measurements,  the  two-wavelength 
technique  is  usually  the  most  versatile  approach,  and 
it  can  be  applied  in  a  wide  range  of  applications, 
including  flows  that  are  compressible  and  that  vary  in 
composition.  The  essence  of  the  two-line  technique 
is  to  use  the  fluorescence  ratio,  obtained  by  sequen¬ 
tially  exciting  two  different  initial  states,  to  isolate 
the  temperature  dependence  of  the  absorbing-state 
populations.  By  taking  the  ratio  of  fluorescence 
signals,  the  dependencies  on  the  number  density, 
absorbing-species  mole  fraction,  overlap  integral,  and 
collisional  quenching  may  be  minimized.  Provided 
the  resolution  is  sufficient  (see  discussion  below),  the 
temperature  can  be  determined  from  the  fluorescence 
ratio,  on  a  pixel-by-pixel  basis,  from  the  relative 
Boltzmann  fractions  in  the  ground  electronic  state. 

The  two-line  method  generally  requires  the  use  of 
two  lasers  and  two  cameras  for  temporally  resolved 
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measurements.  The  lasers  are  tuned  to  different 
transitions  and  are  fired  sequentially,  with  a  delay 
that  is  sufficient  to  temporally  separate  the  respective 
fluorescence-signal  decays.  The  cameras  are  gated 
so  that  each  camera  integrates  the  fluorescence  signal 
induced  from  only  one  of  the  lasers.  The  temporal 
resolution  is  therefore  limited  by  twice  the  maximum 
fluorescence  lifetime  within  the  flow  field  of  interest, 
i.e,,  one  lifetime  for  each  laser  pulse. 

In  this  application,  the  rotational  temperature  is 
obtained  by  selecting  transitions  that  originate  from 
different  rotational  states  within  the  same  vibra¬ 
tional  level  of  the  electronic  ground  state.  In  the 
limit  of  weak  excitation,  the  fluorescence  ratio  i?  12  can 
be  written  as 

_Sn_  B,E,fB,{T)gi(N,miixi,N,T) 

B,E^MT)g2{N,T)UXi,N,Ty 

where  C12'  is  a  constant  that  depends  on  the  detection 
systems,  and  the  subscripts  1  and  2  refer  to  the  values 
associated  with  the  respective  fluorescence  images. 
In  this  form,  the  temperature  dependence  is  implicit 
in  the  Boltzmann  fractions,  overlap  integrals,  and 
fluorescence  yields.  If  we  assume  the  primary  tem¬ 
perature  dependence  results  from  the  Boltzmann 
fractions  and  incorporate  the  various  spectroscopic 
terms  and  laser-pulse  energies  into  C12,  the  fluores¬ 
cence  ratio  can  be  written  as  an  explicit  function  of 
temperature  given  by 

i?i2  =  Ci2exp(-^|>  (3) 

where  A812  is  the  energy  difference  between  the  initial 
absorbing  states;  k  is  the  Boltzmann  constant;  and  T 
is  the  rotational  (and,  effectively,  the  gas-kinetic) 
temperature.  The  constant  C12  can  be  determined 
by  independent  calibration  or  from  the  signal  ratio 
directly  [in  situ),  if  the  temperature  is  accurately 
known  at  some  location  within  the  image. 

In  writing  Eq.  (3),  we  have  implicitly  assumed  that 
the  number-density  and  temperature  dependencies  of 
the  fluorescence  yields  cancel  in  the  ratio.  This  is  a 
reasonable  assumption  here  because  the  quenching 
cross  sections,  fluorescence  lifetimes, ^^>21  ^nd  fluores¬ 
cence-branching  ratios^^  for  the  i; '  =  0  state  of 

NO  are  known  to  be  insensitive  to  rotational  quan¬ 
tum  number.  Hence,  despite  any  potential  colli- 
sional  transfer  within  the  upper  state,  the  broadband 
fluorescence  efficiencies  will  cancel  in  the  fluores¬ 
cence  ratio  in  this  application.  In  other  cases,  e.g., 
OH,  where  the  collisional-transfer  and  spontaneous- 
emission-rate  coefficients  vary  with  rotational  quan¬ 
tum  number,  calibration  may  be  necessary,  because 
the  fluorescence  yields  strictly  cancel  in  the  signal 
ratio  only  if  the  excited  transitions  have  the  same 
laser-coupled  upper  state  (see,  for  example.  Ref.  16). 

Also  in  writing  Eq.  (3),  we  have  assumed  that  the 
number-density  and  temperature  dependencies  of  the 
overlap  integrds  cancel  in  the  ratio.  The  validity  of 
this  assumption  is  dependent  on  the  characteristics  of 


both  the  laser  and  the  absorption  line  shapes.  In 
general,  this  assumption  is  valid  for  broadband  excita¬ 
tion  because  the  entire  absorption  line  shape  sees  a 
relatively  uniform  spectral  laser  intensity.  This  as¬ 
sumption  is  also  valid  here,  where  the  laser  line- 
widths  are  comparable  to  the  absorption  linewidths, 
assuming  the  lasers  have  identical  spectral  profiles 
and  are  accurately  tuned  to  each  transition.  In 
practice,  however,  the  combination  of  pulse-to-pulse 
laser  fluctuations  and  variations  in  the  absorption 
linewidths  throughout  the  flow  field  can  lead  to 
systematic  errors  in  temperatures  determined  with 
the  use  of  Eq.  (3),  These  effects  are  discussed  in 
detail  in  Section  3  below. 

Finally,  it  should  be  noted  that  the  effects  of 
radiative  trapping  have  been  neglected  in  Eq.  (3). 
In  the  experiments  considered  here,  this  is  a  valid 
assumption  because  the  signal  is  spectrally  filtered  so 
that  only  fluorescence  that  is  emitted  to  vibrational 
levels  with  v"  >  0  is  detected.  As  a  result,  the  self¬ 
absorption  of  the  spectrally  filtered  fluorescence  is 
minimal,  because,  at  typic^  combustion  conditions, 
the  vibrationally  excited  states  are  not  significantly 
populated. 

B.  Temperature  Sensitivity 

Obtaining  good  sensitivity  to  temperature  in  the 
fluorescence  ratio  requires  that  the  energy  difference 
of  the  two  absorbing  states  be  comparable  to  (or 
preferably  greater  than)  the  characteristic  flow  tem¬ 
perature,  i.e.,  A£i2  >  kT.  This  requirement  can  be 
deduced  from  the  differentiated  form  of  Eq.  (3),  which 
can  be  written  as 

8T  1  5Ri2 

Y  ~  {Lz,JkT)T^’ 

where  ST  is  the  uncertainty  in  the  inferred  temj>era- 
ture  and  8R12  is  the  uncertainty  in  the  measured 
fluorescence  ratio.  Eq.  (4)  shows  that,  by  selecting 
transitions  with  absorbing  states  such  that  A812  > 
kT,  the  uncertainty  in  temperature  is  always  less 
than  the  uncertainty  in  the  fluorescence  ratio.  Note 
that  although  maximizing  A812  appears  desirable,  a 
practical  limit  exists  because  the  high-energy  rota¬ 
tional  states  will  have  correspondingly  less  popula¬ 
tion  and  will  yield  lower  signal-to-noise  ratios  (SNR’s). 
Eventually  the  increased  temperature  sensitivity  for 
large  energy  separations  may  be  overwhelmed  by  the 
temperature  uncertainty  because  of  shot  noise;  hence, 
balancing  the  trade-off  between  the  temperature  sen¬ 
sitivity  and  the  uncertainty  that  is  due  to  shot  noise 
will  ultimately  limit  the  largest  useful  energy  differ¬ 
ence. 

In  most  cases,  a  reasonable  starting  point  for  PLIF 
temperature-imaging  experiments  is  to  choose  candi¬ 
date  transitions  with  an  energy  difference  compa¬ 
rable  to  the  maximum  temperature  of  interest.  It 
should  also  be  noted  though  that,  based  on  Boltz¬ 
mann  fractions  alone,  it  is  generally  advantageous  to 
choose  transitions  with  absorbing  states  that  are  well 
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populated  at  high  rather  than  low  temperatures. 
The  motivation  for  this  is  to  maximize  the  SNR,  and 
thus  minimize  the  random  uncertainty,  at  high  tem¬ 
peratures,  to  compensate  for  the  reduced  tempera¬ 
ture  sensitivity  (A812  ~  kT).  At  lower  temperatures 
a  loss  in  the  SNR  because  of  decreased  population  can 
be  better  tolerated  because  of  the  increased  tempera¬ 
ture  sensitivity  (Asi2  >  kT), 

C.  Resolution  Requirements 

As  with  any  technique,  the  experimental  resolution  in 
fluorescence  experiments  can  have  a  significant  im¬ 
pact  on  the  accuracy  of  the  temperature  measure¬ 
ments.  Temperature  errors  can  result  in  measure¬ 
ments  based  on  laser-induced  fluorescence  (LIF)  if 
the  spatial  and  temporal  resolution  is  not  sufficient  to 
adequately  resolve  the  temperature  gradients  within 
the  flow  of  interest.  As  an  example,  consider  a  case 
where  the  flow  motion  is  frozen,  but  several  fluid 
elements  exist  at  different  temperatures  within  the 
measurement  volume  of  an  individual  pixel.  The 
signal  indicated  by  the  pixel  represents  the  averaged 
fluorescence  signal  of  the  fluid  elements  within  the 
probe  volume;  however,  because  the  temperature  is  a 
nonlinear  function  of  the  fluorescence  signal,  the 
linearly  averaged  fluorescence  signal  will  not  necessar¬ 
ily  reflect  the  linearly  averaged  temperature. 

The  significance  of  this  effect  depends  upon  the 
magnitude  of  temperature  fluctuations  within  the 
probe  volume.  Small  temperature  differences  within 
the  probe  volume  generally  will  not  be  significant,  but 
large  temperature  fluctuations  can  potentially  lead  to 
considerable  temperature-measurement  errors. 
Note  that  in  the  two-line  technique,  each  of  the 
fluorescence  signals  may  be  biased  if  the  spatial 
resolution  is  inadequate.  As  a  result,  the  inferred 
temperature  may  be  high  or  low,  depending  on  the 
flow  conditions  and  the  transitions  used. 

As  an  illustration,  consider  an  NO  temperature 
measurement  within  a  volume  defined  by  the  (static) 
spatial  resolution  and  consisting  of  two  uniform 
pockets  of  fluid  at  temperatures  Ti  and  T2,  respec¬ 
tively.  For  simplicity,  assume  that  the  two  pockets 
of  fluid  are  identical  in  all  respects  except  for  a  500  K 
temperature  difference,  i.e.,  T2  =  Ti  +  500  K;  the 
fluorescence  can  be  modeled  by  Sf  ^  fs/  y/T,  and  the 
two  transitions  used  for  the  measurement  are  the 
Ri  +  Q2i(13-5)  and  Qi  +  P2i(28.5)  lines.  We  now 
consider  the  potential  temperature-measurement  er¬ 
rors  that  occur  for  various  values  of  Ti,  i.e.,  Ti  =  300 
K  and  T2  =  800  K,  Ti  =  400  K  and  T2  =  900  K,  and  so 
forth.  Based  on  these  assumptions,  as  Ti  varies 
from  300  to  1500  K,  the  error  in  the  measured 
temperature  (i.e.,  the  difference  between  the  average 
temperature  of  the  two  fluid  elements  and  the  tem¬ 
perature  inferred  from  the  average  fluorescence  sig¬ 
nal  of  the  two  elements)  ranges  from  approximately 
-5%  to  - 12%.  In  this  example,  the  error  peaks  for 
the  case  with  fluid  elements  at  600  and  1100  K, 
respectively,  where  the  average  temperature  is  850  K, 
but  the  measured  temperature  is  749  K  (12%  low). 


Similarly,  the  temperature  measurement  error  is 
-5.3%  when  Tj  =  300  K  and  -4.7%  when  Ti  =  1500 
K.  Although  this  example  3delds  negative  tempera¬ 
ture  errors,  positive  temperature  errors  are  also 
possible.  For  example,  if  the  fluid-element  tempera¬ 
tures  were  300  and  500  K,  respectively,  the  measured 
temperature  would  be  407  K,  2%  higher  than  the 
actual  average  temperature  of  400  K. 

Similar  to  the  static  spatial  resolution  considered 
above,  the  temporal  or  dynamic  resolution  must  also 
be  sufficient  to  ensure  that  the  thermodynamic  state 
of  the  fluid  does  not  change  significantly  during  the 
measurement.  Temporal  changes  in  the  gas  within 
the  measurement  volume  can  generally  occur  due  to 
convection,  diffusion,  or  chemical  reaction.  Because 
the  local  temperature  measurement  depends  on  the 
fluorescence  ratio  of  an  individual  fluid  element,  the 
ability  to  freeze  the  motion  of  the  flow  is  critical  in  the 
present  supersonic  flows,  as  the  characteristic  flow 
times  are  less  than  diffusion  or  chemical-reaction 
times.  If  the  flow  moves  significantly  during  the 
measurement,  the  local  fluorescence  ratio  obtained 
will,  in  general,  represent  the  ratio  of  some  combina¬ 
tion  of  fluid  elements.  Here  again  the  accuracy  of 
the  local  inferred  temperature  will  be  degraded  if  the 
flow  properties  vary  significantly  over  the  scale  of  the 
flow  motion. 

3.  Application  Considerations 

In  principle,  accurate  two-line  temperature  measure¬ 
ments  of  NO  can  be  achieved  in  a  wide  range  of 
combustion-related  flows.  In  practice,  however, 
many  details  must  be  carefully  considered  to  mini¬ 
mize  potential  systematic  errors.  For  example,  the 
choice  of  transitions  is  critical  in  preventing  laser 
attenuation  owing  to  optical  thickness  and  in  provid¬ 
ing  good  temperature  sensitivity  with  acceptable  sig¬ 
nal  levels  and  dynamic  range.  In  addition,  the  laser 
energy  one  uses  should  be  sufficient  to  lead  to  good 
signal  levels,  but  low  enough  to  avoid  perturbing  the 
population  distributions  of  either  initial  state.  Also, 
in  high-speed  flows  in  particular,  fluorescence  life¬ 
time  and  temporal  resolution  must  be  considered, 
because  the  combination  of  high  flow  velocities  and 
the  relatively  long  fluorescence  lifetime  of  NO  can 
lead  to  blurring  in  the  images.  Finally,  instrumenta¬ 
tion  limitations  need  to  be  considered,  such  as  shot-to- 
shot  laser  fluctuations,  and  camera  linearity  and 
dynamic  range.  As  these  issues  are  all  interrelated 
and  often  in  conflict,  compromises  must  generally  be 
made  in  designing  the  diagnostic  strategy  for  a  given 
application.  For  the  measurements  presented  here, 
these  issues  have  been  examined  in  detail  elsewhere.^^ 
Here,  we  briefly  summarize  the  results  of  this  analy¬ 
sis  and  discuss  the  effects  of  shot-to-shot  laser  mode 
fluctuations  for  the  flow  field  investigated. 

A.  Flow  Field  Deseld  Description  and  Spectroscopic  and 
Resolution  Issues 

The  SCRAMJET-model  flow  field  we  examined  is 
shown  schematically  in  Fig.  1,  where  the  cross  flow  is 
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Fig.  1.  Schematic  diagram  of  the  flow  field  showing  the  nominal 
flow  conditions:  Jet:  1%  NO/ 19%  CO/80%  H2  at  300  K  and  3.0 
atm;  M  =  1,  and  D  =  2.  Cross  flow:  0.1%  NO/10%  CO/N2  at 
1260  K  and  0.4  atm;  M  =  1.64. 


supersonic  and  flows  from  left  to  right.  As  the  cross 
flow  passes  over  the  step,  it  expands  through  a 
Prandtl-Meyer  expansion  fan  and  separates,  leading 
to  a  recirculation  zone  jet  downstream  of  the  step. 
Fuel  is  injected  sonically  through  a  circular  orifice 
(diameter  =  D)  located  4.5D  downstream  of  a  rear¬ 
ward-facing  step  (height  =  1.5D).  The  fuel  jet  is 
underexpanded  and  results  in  the  characteristic  bar¬ 
rel-shock  structure,  which  is  swept  over  because  of 
the  momentum  of  the  oncoming  cross  flow.  A  bow 
shock  is  formed  upstream  of  the  fuel  jet  because  the 
jet  acts  as  an  obstruction  to  the  cross  flow.  Down¬ 
stream  of  the  fuel  jet,  the  cross  flow  is  turned  parallel 
to  the  wall  by  a  recompression  shock  wave. 

The  nominal  flow  field  conditions  for  this  experi¬ 
ment,  noted  in  Fig.  1,  are  representative  of  the  inlet 
conditions  for  a  SCRAMJET  combustor.  The  tem¬ 
peratures  and  pressures  indicated  in  the  figure  cap¬ 
tion  are  the  static  values  of  the  free  stream  and  the 
stagnation  values  of  the  jet  gas,  respectively.  A  free 
stream  composed  predominantly  of  nitrogen  was 
used  to  simulate  air  in  these  noncombusting  measure¬ 
ments.  However,  because  both  nitrogen  and  hydro¬ 
gen  are  weak  quenchers  of  NO  A(v'  =  0)  fluores- 
cence,2^  carbon  monoxide  (CO)  was  added  to  the  free 
stream  and  the  fuel  jet  to  reduce  the  fluorescence 
lifetime  of  NO.  The  added  CO  limited  the  fluores¬ 
cence  lifetime  to  less  than  200  ns  (including  30  ns  of 
laser  pulse  duration)  to  help  maintain  acceptable 
spatial  resolution.  The  CO  in  the  jet  also  served  to 
reduce  the  peak  signals  within  the  cold,  fuel-rich 
regions,  thereby  ensuring  a  linear  detector  response. 

Experiments  were  conducted  with  NO  seeded  in 
the  jet  to  mark  the  mixed-fuel  temperature,  as  well  as 
in  both  the  jet  and  free  stream  to  mark  the  entire 
temperature  field.  For  cases  with  free-stream  seed¬ 
ing,  the  free-stream  NO  was  limited  to  1000  ppm  to 
minimize  optical  thickness  over  the  relatively  long 
path  length  ( <  10%  laser  absorption  over  6-7  cm). 
A  higher  seeding  fraction  was  used  in  the  jet  (1%  NO) 
to  increase  signal  levels  within  the  jet  plume  (the 


primary  region  of  interest).  Although  the  jet- 
seeding  fraction  led  to  as  much  as  20-30%  attenua¬ 
tion  in  the  cold,  fuel-rich  regions,  the  resulting  tem¬ 
perature  errors  were  less  significsint  because  the 
regions  with  the  highest  absorption  also  had  the  most 
favorable  temperature  sensitivity  (see  below)  and  the 
shortest  opticd  path  lengths  ( -- 1  cm  or  less). 

The  absorption  lines  used  in  these  measurements 
were  the  Qi  +  P21  (28.5)  and  the  i?i  4-  Q21  (13.5) 
transition  pairs  in  the  A  X  (0,  0)  band  of  NO  near 
226  nm.  These  transitions  were  chosen  for  a  num¬ 
ber  of  reasons.  First,  as  recently  noted  by  Lee  et 
this  NO  band  is  attractive  for  temperature 
measurements  because  it  is  easily  accessible  with 
tunable  dye  lasers  and  has  a  fairly  complete  spectro¬ 
scopic  data  base.  In  addition,  these  particular  rovi- 
bronic  transitions  are  well  isolated  from  neighboring 
transitions  (>3-cm“^  separation)  and  provide  good 
temperature  sensitivity  for  this  application  ( 1040 
cm“^  or  ^1531  K),  where  the  primary  region  of 
interest  (the  jet  plume)  is  at  the  free-stream  tempera¬ 
ture  or  less.  Finally,  the  initial  states  for  these 
transitions  provide  relatively  high  population  densi¬ 
ties  at  high  temperatures  (without  an  excessive  popu¬ 
lation  loss  for  the  high-J"  transition  at  low  tempera¬ 
tures),  which  enhances  the  SNR’s  where  the 
temperature  sensitivity  is  reduced  (i.e.,  where 
A812  kT). 

With  interest  in  relatively  large-scale  features,  we 
chose  a  reasonable  compromise  between  signal  level 
and  resolution.  Here,  we  limited  the  fluorescence 
lifetimes  so  that  the  plume  motion  during  the  mea¬ 
surement  interval  ( <  350  ns)  was  about  the  same  as 
the  static  spatial  resolution  ( ~  230  |xm  in  the  flow  or  3 
CCD  pixels;  see  Ref.  23).  Including  the  flow  motion 
and  the  finite  spatial  resolution  of  the  imaging  sys¬ 
tem,  the  overall  measurement  resolution  is  better 
than  0.5  mm.  Hence  the  measurement  resolution 
here  is  many  times  larger  than  the  smallest  tempera¬ 
ture  scale  (100  times  or  more  larger  than  the  Batche¬ 
lor  scale),  and  the  sharpest  temperature  gradients 
and  fine-scale  temperature  fluctuations  within  the 
flow  are  not  resolved.  It  is  expected,  however,  that 
the  large-scale  features  of  the  temperature  field  are 
adequately  resolved.  Indeed,  no  significant  tempera¬ 
ture  errors  within  the  plume  owing  to  flow  motion 
were  observable,  as  determined  during  image  process¬ 
ing  by  shifting  the  second  image  by  one-  and  two- 
binned  pixels  upstream  to  account  for  the  flow  motion 
between  the  laser  pulses.  Some  noticeable  tempera¬ 
ture  errors  were  observed  in  the  shear  layer  owing  to 
the  flow  motion  (usually  as  hot  spots)  because  of  the 
higher  velocities  there,  but  they  are  ignored  here 
because  the  shear  layer  represents  a  relatively  small 
area  of  the  total  plume. 

B.  Laser  Mode  Fluctuations  and  Overlap  Integral  Effects 

As  noted  above,  the  accuracy  of  two-line  temperature 
measurements  also  depends  on  the  degree  to  which 
the  temperature  and  number-density  dependence  of 
the  respective  overlap  integrals  cancel  in  the  fluores- 
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cence  ratio.  In  this  and  many  other  PLIF  applica¬ 
tions,  the  laser  linewidths  are  of  the  same  order  as  the 
absorption  linewidths,  and  overlap  integral  effects 
need  to  be  examined.  This  is  particularly  true  in 
light  of  the  fact  that  most  pulsed  dye  lasers  used  in 
PLIF  experiments  generally  operate  with  multiple 
axial  modes,  and  the  intensity  of  the  individual  modes 
fluctuates  from  pulse  to  pulse. 

The  significance  of  these  mode  fluctuations  in  LIF 
measurements  depends  in  large  part  on  the  relative 
number,  width,  and  spacing  of  the  axial  modes  that 
fall  within  the  absorption  linewidth.  One  can  argue 
that  the  ideal  multimode  spectral  laser  profile  for  LIF 
measurements  should  have  a  small  axial  mode  spac¬ 
ing  with  a  broad  gain  envelope,  so  that  a  large  number 
of  modes  fall  within  the  absorption  linewidth.  This 
type  of  spectral  profile  will  tend  to  reduce  the  influ¬ 
ence  of  any  given  mode  on  the  absorption  and  will  also 
tend  to  reduce  the  peak  spectral  intensity  of  the 
individual  modes.  Although  the  presence  of  mul¬ 
tiple  discrete  modes  can  lead  to  hole-burning  or 
inhomogeneous-saturation  effects,  as  long  as  a  num¬ 
ber  of  modes  fall  within  the  absorption  width  and  the 
mode  spacing  is  much  less  than  the  homogeneous 
linewidth,  the  molecular  response  to  the  irradiation 
should  be  relatively  homogeneous. 

To  examine  the  impact  that  pulse-to-pulse  mode 
fluctuations  have  on  the  accuracy  of  the  temperature 
measurements  (through  the  overlap  integrals),  we 
developed  a  simple  computer  model  to  simulate  the 
statistical  fluctuations  of  the  multimode  spectral 
profiles  of  the  lasers  used  in  these  experiments.  The 
average  and  standard  deviation  of  the  overlap  inte¬ 
gral  were  calculated  as  a  function  of  mixture  tempera¬ 
ture  using  100  simulated  laser  spectral  profiles.  The 
calculations  and  results  are  briefly  described  here; 
further  details  of  the  laser  spectral  profile  model  and 
overlap  integral  calculations  are  described  else¬ 
where.^^ 

The  mode  structure  of  the  visible  output  of  the  dye 
lasers  ( ^  450  nm)  was  modeled  as  a  series  of  Gaussian 
modes  (0.003  cm'^  FWHM  and  O.OlT-cm'^  spacing) 
within  an  ^0.2-cm~^  Gaussian  gain  envelope. 
These  characteristics  were  based  on  single-shot  mea¬ 
surements  of  the  lasers'  spectral  profiles.  The  indi¬ 
vidual  modes  were  assumed  to  be  uncorrelated  and  to 
exhibit  intensities  described  by  exponential  statistics. 
The  frequency-doubled  mode  structure  was  modeled 
as  the  self-convolution  of  the  visible  mode  structure. 

The  absorption  line  shape,  including  both  colli- 
sional  and  Doppler  broadening,  was  modeled  as  a 
function  of  mhdure  temperature  throughout  the  flow 
field  using  a  Voigt  line-shape  function.  The  pres¬ 
sure  was  assumed  constant  at  the  free-stream  value 
(0.4  atm)  throughout  most  of  the  flow  (T  >  500  K). 
The  pressure  just  downstream  of  the  Mach  disk 
(T  =  300  K)  was  assumed  to  be  0.8  atm,  which 
corresponds  to  that  of  a  simple  underexpanded  jet  at 
the  same  pressure  ratio.  A  Hnear  pressure  variation 
was  assumed  between  these  (temperature)  regions. 

Collisional  shifts  of  the  NO-absorption  line  shapes 


were  included  in  the  overlap  integral  calculations  to 
account  for  the  relative  laser  detuning  throughout 
the  flow  field.  The  collisional  shift  is  always  toward 
lower  frequencies  and  the  shift-to-width  ratio  is 
nominally  independent  of  both  temperature  and  pres¬ 
sure.  Doppler  shifts  are  generally  negligible  through¬ 
out  most  of  the  flow  field  because  the  bulk  flow 
velocity  is  essentially  normal  to  the  laser  sheet  propa¬ 
gation.  Some  Doppler  shift  is  expected  near  the  jet 
exit,  but  it  is  offset  by  the  relatively  large,  opposing 
collisional  shift  and  is  not  significant.  The  laser  was 
assumed  to  be  tuned  to  absorption  line  center  at  the 
1260  K,  0.4  atm  free-stream  condition. 

Figure  2(a)  shows  the  estimated  Voigt  width  and 
calculated  (nominal)  overlap  integral  as  a  function  of 
the  temperature  (from  300  to  1500  K)  of  the  mixture. 
The  variation  of  the  collisional  width  and  shift,  and 
the  Doppler  width  are  also  shown.  As  indicated  in 
the  figure,  the  Voigt  width  is  nearly  constant  through¬ 
out  most  of  the  flow  field,  owing  to  the  counterbalanc¬ 
ing  effects  of  the  collisional  and  Doppler  widths.  At 
mixture  temperatures  below  500  K,  which  occur  near 
the  jet  exit,  the  Voigt  width  is  somewhat  higher, 
primarily  because  of  the  higher  pressure.  The  m^- 
nitude  of  the  overlap  integral  shows  a  variation  with 
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Fig.  2.  (a)  Variation  of  absorption  width,  collisional  shift,  and 
nominal  overlap  integral  as  a  function  of  the  mixture  temperature; 
and  (b)  nominal  overlap  integral  and  its  shot-to-shot  standard 
deviation  as  a  function  of  the  mixture  temperature. 
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temperature  that  is  essentially  the  inverse  of  the 
Voi^  absorption-width  variation.  The  value  of  the 
overlap  integral  is  lowest  at  the  jet-exit  condition  and 
increases  with  the  mixture  temperature  until  it  levels 
off  near  600  K.  This  behavior  is  expected  based  on  a 
nominal  laser  spectral  envelope  of  ^0.3  cm“\  be¬ 
cause  regions  that  have  an  absorption  width  larger 
than  the  laser  spectral  width  will  exhibit  less  re¬ 
sponse  to  the  laser  radiation. 

In  Fig.  2(b),  the  model  results  for  the  standard 
deviation  and  the  nominal  overlap  integral  values  are 
shown  as  a  function  of  temperature,  based  on  100 
simulated  laser  spectral  profiles.  The  calculated  fluc¬ 
tuation  in  the  individual  overlap  integrals,  is  rela¬ 
tively  small,  deviating  only  2-3%  from  the  nominal 
value  over  the  entire  temperature  range  of  these 
measurements.  This  corresponds  to  3-4%  uncer¬ 
tainty  in  the  fluorescence  ratio  based  on  the  combined 
uncorrelated  fluctuations  in  the  individual  overlap 
integrals  of  each  laser. 

The  relative  insignificance  of  the  axial  mode  fluctua¬ 
tions  here  is  due  to  the  comparatively  large  number  of 
modes  that  fall  within  the  absorption  linewidth 
throughout  the  flow.  This  is  true  even  in  the  low- 
temperature  regions  where  the  laser  is  significantly 
detuned  from  line  center,  because  the  absorption 
width  in  the  low-temperature  regions  is  larger  than 
the  laser  spectral  width.  Based  on  a  laser  spectral 
envelope  of  0.3  cm~^  and  a  mode  spacing  of  --  0.017 
cm”^  for  the  dye  lasers  used  here,  approximately 
15-20  modes  are  expected  to  fall  within  the  absorp¬ 
tion  linewidth  throughout  the  flow  field.  The  signifi¬ 
cance  of  the  mode  fluctuations  would  generally  in¬ 
crease  for  cases  where  fewer  modes  fall  within  the 
absorption  linewidth. 

4.  Experimental  Setup  and  Procedure 

A.  Shock-Tube  and  Jet-Injection  System 

A  schematic  of  the  experimental  facility  is  shown  in 
Fig.  3.  The  flows  studied  were  generated  in  a  6-m- 
long  shock  tube  with  a  4.5-m-long  driven  section  of 
square  7.62  cm  x  7.62  cm  cross  section.  UV-grade 
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Fig.  3.  Schematic  diagram  of  the  shock  tube  and  PLIF-imaging 
facility. 


fused-silica  windows  were  mounted  flush  with  the 
shock-tube  walls  to  provide  optical  access  with  mini¬ 
mal  flow  disturbance.  Two  of  the  windows  allow 
optical  access  to  the  wall  of  the  shock  tube  and  permit 
imaging  up  to  the  nozzle  exit. 

The  driven  section  was  instrumented  with  four 
platinum  thin-film  gauges  along  its  length.  The  thin 
films  were  used  in  conjunction  with  electronic  counters 
to  measure  the  shock  velocity  over  two  intervals  just 
upstream  of  the  test  section.  These  velocity  measure¬ 
ments  were  used  in  the  standard  shock  relations 
along  with  the  measured  initial  pressure  to  determine 
the  temperature,  pressure,  and  gas  velocity  behind 
the  incident  shock  wave.  A  thin  film  located  just 
downstream  of  the  diaphragm  station  was  used  to 
initiate  the  electronic-delay  sequence  used  for  trigger¬ 
ing  the  jet,  laser,  and  camera  systems.  Because 
neither  pump  laser  had  a  fire-on-demand  capability, 
the  pump  lasers  were  operated  continuously  at  1  Hz 
and  synchronized  to  the  firing  of  the  shock  tube  just 
prior  to  diaphragm  rupture.  This  was  accomplished 
with  a  custom-made  laser-triggering  circuit  that  used 
the  driver-pressure  monitor  as  an  interrupt  for  the 

1- Hz  oscillator.  Operating  the  lasers  in  this  manner 
eliminated  potential  misfirings  and  large  shot-to-shot 
laser  fluctuations. 

A  pulsed  molecular-beam  valve  (General  Valve 
Series  9  with  Iota  One  controller)  was  used  to  inject 
fuel  normal  to  the  cross  flow.  The  valve  had  a 

2- mm-diameter  orifice  and  was  mounted  flush  with 
the  shock-tube  wall.  Flow-visualization  measure¬ 
ments  showed  that  flow  through  the  valve  reached 
steady  state  in  -^1.2  msec  and  that  the  effective 
jet-stagnation  pressure  decreased  by  <  5%  during  the 
valve-open  time  (5  msec).  The  valve  was  triggered  to 
open  ~  1.8  msec  before  the  image  acquisition,  and 
images  were  typically  acquired  ^  200  (msec  after  the 
incident  shock  arrival  at  the  jet  location.  This  tim¬ 
ing  sequence  provided  adequate  time  for  the  flow  to 
develop,  but  was  short  enough  to  avoid  significant  jet 
contamination  of  the  initial  shock-tube  test-gas  mix¬ 
ture. 

The  shock-tube  test-gas  mixtures  were  composed  of 
NO,  CO,  and  N2  and  were  created  by  diluting  a 
commercial,  unanalyzed  mixture  of  5%  NO  in  N2  with 
CO  (99%  purity)  and  nitrogen  (99.9%  purity).  The 
jet  mixtures  were  composed  of  NO,  CO,  and  H2  and 
were  obtained  by  diluting  NO  (99%  purity)  with  CO 
and  H2  (99.99%  purity).  The  test  gases  were  mixed 
in  separate  stainless-steel  cylinders,  each  of  which 
was  mechanically  stirred. 

B.  Lasers  and  Sheet  Optics 

The  lasers  used  in  these  experiments  were  Xe-Cl 
excimer-pumped  dye  lasers  (Lambda  Physik  FL2002 
and  FL3002).  The  pump  beams  at  308  nm  had  pulse 
energies  of  more  than  100  mJ  with  pulse  widths  of 
~20  nsec.  Coumarin  450  dye  mixtures  were  used 
and  the  fundamental  dye  laser  beams  were  frequency- 
doubled  to  ~226  nm  using  barium  borate  (BBO) 
crystals.  The  lasers  were  tuned  to  different  transi- 


7538  APPLIED  OPTICS  /  Vol.  32,  No.  36  /  20  December  1993 


tions  (noted  above)  in  the  A  (0,  0)  band  of 

NO  and  were  fired  sequentially  with  a  delay  of  250 
nsec  to  temporally  separate  the  fluorescence  signals. 
To  minimize  potential  systematic  errors  associated 
with  the  ratio  of  overlap  integrals,  we  tuned  the  lasers 
before  each  shock-tube  run  using  static  fluorescence 
measurements  of  a  subatmospheric,  300  K  NO- 
CO-N2  mixture  within  the  shock  tube.  The  pres¬ 
sure  in  the  shock  tube  was  adjusted  so  that  the 
collisional  width  and  shift  matched  the  corresponding 
values  in  the  free-stream  supersonic  flow.  Including 
transmission  losses  through  the  optics,  the  pulse 
energy  of  each  laser  sheet  (in  the  test  section)  was 
^  0.25  mJ  in  a  spectral  bandwidth  of  0.3  cm“^. 

The  UV  dye  laser  beams  were  expanded  into  sheets 
by  a  cylindrical  telescope  (-12.5-  and  500-mm  focal 
lengths)  and  focused  using  a  1-mm  spherical  lens. 
As  shown  in  Fig.  3,  the  \2  beam  was  directed  horizon¬ 
tally  along  the  optical  axis,  while  the  Xi  beam  was 
propagated  at  a  slight  vertical  angle  ( ^  0.25°)  to  the 
optical  axis.  The  Ki  beam  height  and  angle  were 
adjusted  so  that  the  sheets  crossed  near  the  center  of 
the  imaged  region,  with  no  significant  differences  in 
the  combined  sheet  thickness  and  position.  The 
resulting  horizontal  sheet  measured  ^300  pm  x  75 
mm  with  a  nearly  Gaussian  spatial  distribution  of 
energy.  Beam  splitters  were  placed  in  the  optical 
train  to  permit  monitoring  of  the  laser  pulse  energy 
on  a  shot-to-shot  basis,  using  photodiodes  calibrated 
with  a  Molectron  energy  meter. 

C.  Imaging  System 

The  broadband  fluorescence  in  the  spectral  range 
from  225-335  nm  was  collected  at  right  angles  to  the 
plane  of  illumination  with  f/4.5  UV  Nikkor  lenses 
(105-mm  focal  length).  UG-5  Schott  Glass  filters 
(2-mm  thick)  were  used  to  block  elastic  laser  scatter¬ 
ing.  The  UG-5  filters  also  blocked  the  resonant 
fluorescence  from  the  A  <-  X  (0,  0)  band,  while 
transmitting  ^  45%  of  the  total  fluorescence  signal. 

The  fluorescence  signals  were  imaged  onto  two 
intensified,  cooled  CCD  cameras  (Princeton  Instru¬ 
ments,  each  using  an  EEV  578  x  384  array  of  23 
pm  X  23  pm  pixels).  The  30  mm  x  45  mm  images 
were  acquired  and  processed  using  two  IBM-compat¬ 
ible  486  personal  computers  equipped  with  Princeton 
Instruments’  CSMA  software.  The  intensifier-gate 
widths  were  set  to  250  nsec.  The  rise  and  fall  times 
of  the  intensifier  gates  were  20  nsec  which  resulted 
in  ^210  nsec  of  uniform  gating.  The  laser  pulses 
were  carefully  positioned  temporally  to  occur  just 
after  the  respective  intensifier  gates  were  fully  on. 
This  ensured  uniform  amplification  of  the  fluores¬ 
cence  decay,  and  was  verified  by  monitoring  the 
laser-induced-fluorescence  signal  within  a  static  cell. 

D.  Image  Corrections  and  Data  Reduction 

A  number  of  image  corrections'*'^^  were  necessary  to 
quantitatively  determine  the  temperature  from  the 
raw  fluorescence  images.  Each  raw  fluorescence  im¬ 
age  was  corrected  for  camera  dark  noise,  fiat-field 


nonuniformity  of  the  array  and  collection  lens,  rela¬ 
tive  pixel-to-pixel  spectral  response,  and  laser  energy, 
spatial  distribution,  and  scattering. 

If  necessary,  prior  to  dividing  the  corrected  images 
to  determine  the  fluorescence  ratio,  one  image  was 
warped  or  remapped  pixel  by  pixel  using  a  registra¬ 
tion  function  (including  translation,  rotation,  and 
magnification)  to  correct  for  the  misalignment  of  the 
respective  cameras.  This  correction  was  generally 
minor  here,  because  great  care  was  taken  during  the 
experiments  to  align  the  fields  of  view  to  within  1-2 
pixels  throughout  the  images.  In  general,  however, 
this  warping  may  be  necessary  because  it  is  difficult  in 
practice  to  align  the  cameras  so  that  each  pixel  images 
exactly  the  same  region.  The  registration  function 
used  here  was  created  by  comparing  images  of  a 
rectangular-grid  target  positioned  in  the  object  plane. 

The  scattering  and  sheet  corrections  used  here 
were  25-frame  averages  to  reduce  random  noise. 
Average  sheet  corrections  were  sufficient,  because  the 
instantaneous  laser  sheet  profiles  were  found  to 
fluctuate  about  the  average  hy  less  than  --  5%.  The 
sheet  corrections  were  obtained  by  imaging  NO  fluo¬ 
rescence  within  the  shock  tube;  hence  the  sheet 
corrections  also  provided  a  simultaneous  flat-field 
and  relative-spectral-response  correction.  After  per¬ 
forming  these  corrections,  but  prior  to  determing  the 
ratio,  the  pixels  in  the  images  were  software-binned 
2  X  2  to  improve  the  SNR.  The  resulting  nominal 
pixel  resolution  was  approximately  300  \xm  x  160 
ixm  X  160  |jLm.  As  discussed  above,  however,  the 
effective  spatial  resolution  is  somewhat  worse  be¬ 
cause  of  both  the  finite  resolution  of  the  imaging 
system  and  the  flow  motion  between  laser  pulses. 

The  sheet  corrections  were  obtained  by  imaging  a 
subatmospheric,  300  K,  optically  thin,  static  NO- 
CO-N2  mixture  within  the  shock  tube.  The  sheet- 
correction  mixtures  were  customized  for  each  transi¬ 
tion  to  ensure  that  no  significant  laser  attenuation 
was  observed.  In  addition,  the  mixtures  were  cho¬ 
sen  to  permit  the  use  of  the  same  intensifier  gain  in 
both  the  sheet-correction  and  flow  field  images,  to 
eliminate  any  gain  dependencies  in  the  corrected 
images.  The  linearity  of  the  sheet-correction  fluores¬ 
cence  with  respect  to  laser  pulse  energy  was  verified 
using  various  UV  neutral-density  filters. 

5.  Temperature-Imaging  Results  and  Discussion 

In  this  section,  representative  instantaneous  and 
frame-averaged  temperature  images  of  a  nonreacting 
SCRAMJET-model  flow  field  are  presented,  along 
with  a  discussion  of  the  measurement  uncertainties. 
Additional  results  with  a  flush-wall  geometry  and 
with  oxidizing  free  streams  are  described  in  Ref.  23, 
and  will  be  available  in  a  future  publication  of  ours. 
In  general,  the  sample  results  shown  here  illustrate 
the  strikingly  different  characteristics  of  the  instanta¬ 
neous  and  time-averaged  flow  fields,  and  thus  demon¬ 
strate  the  importance  of  temporally  resolved  measure¬ 
ments  for  elucidating  complex  mixing  phenomena. 
Measurements  both  with  and  without  free-stream 
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NO  are  presented,  as  these  alternative’Seeding  strate- 
gies  provide  different  temperature  information,  i.e., 
NO  seeded  in  both  streams  provides  a  means  of 
measuring  the  (instantaneous  or  average)  tempera¬ 
ture  throughout  the  entire  flow  field,  whereas  NO 
seeded  only  in  the  fuel  yields  the  temperature  and 
location  of  the  fuel.  As  will  be  illustrated  below,  the 
latter  strategy  is  more  useful  for  inferring  the  time- 
averaged  mixedness  of  the  two  streams. 

A.  Verification  Measurements 

Prior  to  examining  the  jet  in  cross  flow,  temperature- 
verification  measurements  were  performed  by  imag¬ 
ing  the  uniform  region  behind  incident  shocks  for 
several  temperatures,  and  within  a  static  cell  at  300 
K.  The  measurements  were  conducted  using  the 
same  respective  intensifier  gains  and  were  normal¬ 
ized  for  laser  energy  variations  to  ensure  a  nominally 
constant  value  for  C12.  Figure  4  shows  a  plot  of  the 
measured  fluorescence  ratio  versus  the  shock-tube 
test-gas  temperature.  The  fluorescence-ratio  data 
were  obtained  by  spatially  averaging  each  image  to 
minimize  the  uncertainty  due  to  random  noise.  The 
solid  line  shows  a  least  squares  fit  to  the  data  with  the 
slope  fixed  by  the  energy  separation  of  the  absorbing 
states. 

The  scatter  in  these  data  represents  the  shot-to- 
shot  uncertainties  in  the  fluorescence  ratio  owing  to 
the  combined  fluctuations  of  the  respective  lasers’ 
spectral  line  shapes,  detunings,  and  spatial-energy 
distributions.  The  maximum  deviation  of  the  mea¬ 
sured  fluorescence  ratio  from  the  best  fit  is  ^  17%, 
with  a  standard  deviation  of  --8%.  Most  of  this 
scatter  is  likely  caused  by  spectral  line-shape  fluctua¬ 
tions,  because  the  spatial  averaging  of  the  images 
tends  to  reduce  the  effect  of  laser  spatial  energy 
fluctuations.  These  results  verify  that  accurate  in- 


Fig.  4.  Measured  fluorescence  ratio  as  a  function  of  free  stream 
temperature.  The  nominal  pressure  and  temperature  are  noted 
in  the  legend,  along  with  the  range  of  scatter  in  the  inferred 
temperature.  The  transitions  used  in  these  measurements  were 
+  Q2i(16-5)  and  Qi  +  P2i(28.5),  and  the  point  at  300  K 
represents  an  average  of  25  measurements. 


stantaneous  temperatures  can  be  determined  through¬ 
out  the  entire  temperature  range  of  the  jet  measure¬ 
ments  discussed  below.  In  addition,  these  results 
give  an  indication  of  the  expected  measurement  preci¬ 
sion  without  accounting  for  laser  line-shape  fluctua¬ 
tions. 

B.  Jet-in-Cross  Flow  Measow  Measurements 

The  temperature  measurements  discussed  below  are 
generally  valid  throughout  the  flow  field  except  in 
three  small  regions:  within  the  barrel-shock  struc¬ 
ture;  in  the  recirculation  zone  downstream  of  the 
back  step;  and  in  the  low-pressure  region  just  down¬ 
stream  of  the  barrel-shock  structure  (approximately 
bounded  by  0  <  x/D  <  1.5,  0  <  y /D  <  1.5).  The 
temperatures  are  suspect  in  these  regions  because  the 
fluorescence  lifetimes  were  sufficiently  long  to  cause  a 
portion  of  the  signal  from  the  first  laser  pulse  to 
appear  on  the  second  camera.  Outside  of  these 
regions,  the  temperature  measurements  are  reliable, 
although  the  SNR  is  generally  much  higher  in  the  jet 
plume  than  in  the  free  stream,  because  of  the  higher 
NO-seeding  fraction  in  the  jet. 

For  the  cases  with  NO  seeded  in  the  freestream,  C12 
was  evaluated  by  averaging  the  signal  over  a  large 
area  within  the  uniform  free-stream  region.  For 
cases  without  free-stream  NO,  m  situ  evaluation  of 
C12  was  not  feasible  because  of  the  lack  of  a  suitable 
calibration  point.  Hence  for  the  experiments  with¬ 
out  free-stream  NO,  the  average  value  of  C12  from  the 
former  cases  was  used.  In  image  processing  the 
cases  without  free-stream  NO,  the  images  were  condi¬ 
tioned  on  the  presence  of  jet  fluid.  This  conditioning 
was  accomplished  by  thresholding  the  images  just 
above  the  ghost-background  signal  in  the  free  stream. 
The  ghost  background  noted  here  refers  to  the  rela¬ 
tively  specular,  partial  reflectance  of  the  NO  fluores¬ 
cence  from  the  window  behind  the  object  plane  of 
each  camera.  The  ghost-background  signal  is  rela¬ 
tively  small,  generally  a  few  percent  of  the  local 
maximum  signal.  As  discussed  in  Ref.  23 ,  the  system¬ 
atic  temperature  error  introduced  by  the  ghost  back¬ 
ground  is  expected  to  be  relatively  minor  (<5%), 
except  in  the  free-stream  region  along  the  plume 
boundary. 

Figure  5  shows  instantaneous  temperature  images 
for  cases  with  and  without  NO  seeded  in  the  free 
stream.  These  images  clearly  show  the  complexity 
of  the  instantaneous  flow  field  structure.  In  particu¬ 
lar,  the  instantaneous  images  highlight  the  turbulent 
nature  of  the  plume,  which  is  characterized  by  pock¬ 
ets  of  undiluted  free-stream  fluid  penetrating  deep 
into  the  jet  plume  and  vice  versa.  The  jet  boundary 
is  easily  identified  in  the  temperature  field,  even  for 
the  case  with  NO  seeded  in  the  free  stream,  and  is 
indicative  of  a  sharp  scalar  gradient  in  the  shear 
layer.  Within  the  plume,  the  temperature  increases 
with  increasing  x/D  because  of  the  warmer  free 
stream  mixing  with  the  cooler  jet.  Although  pockets 
of  relatively  cool  gas  persist  within  the  plume  for 
several  jet  diameters,  the  plume  reaches  a  relatively 
uniform  temperature  for  jc/D  >12. 


7540  APPLIED  OPTICS  /  Vol.  32,  No.  36  /  20  December  1993 


Fig.  5.  Instantaneous  temperature  images  of  the  jet  in  cross  flow 
(a)  with  0.1%  NO  and  (b)  without  NO  seeded  in  the  free  stream. 
Each  image  has  been  trimmed  to  15  x  45  mm  and  shows 
approximately  18  jet  diameters  of  the  plume.  Note  that  in  (b),  as 
no  measurements  were  obtained  in  the  free  stream,  the  image  was 
thresholded  to  remove  the  extraneous  noise. 


Fig.  6.  Fifteen-frame  average-temperature  images  of  the  jet  in 
cross  flow  (a)  with  0.1%  NO  and  (b)  without  NO  seeded  in  the  free 
stream.  The  images  were  trimmed  to  15  x  45  mm  and  show 
approximately  18  jet  diameters  of  the  plume.  Image  (b)  is  a 
thresholded,  conditioned  average,  which  was  conditioned  on  the 
presence  of  jet  fluid.  Again,  no  measurements  were  obtained  in 
the  free  stream  of  (b). 


In  both  images,  the  lower  plume  region  near  the 
wall  is  seen  to  be  the  warmest  mixing  region,  reaching 
700-1000  K  in  just  a  few  jet  diameters.  Note  that 
the  fuel  generally  permeates  the  entire  lower  plume 
region  [evidenced  by  the  absence  of  major  pockets  of 
free-stream  fluid  in  Fig.  5(b)]  and  that  similar  tempera¬ 
tures  are  measured  in  the  lower  plume  region  for 
both  seeding  strategies.  These  observations,  com¬ 
bined  with  the  rapid  temperature  increase,  suggest 
that  the  two  streams  are  efficiently  mixed  in  the  lower 
portion  of  the  plume.  The  efficient  mixing  and 
relatively  high  temperatures  in  this  region  are  likely 
to  make  it  the  most  favorable  for  autoignition  and 
efficient  combustion  in  a  reacting  flow,  which  is 
consistent  with  previous  OH-imaging  measure- 
ments^’2®  in  similar  combusting  flows. 

In  comparing  Figs.  5(a)  and  5(b)  note  that  some  of 
the  fine  detail  of  the  plume-cross-flow  shear  layer  is 
not  well  resolved  in  Fig,  5(b),  i.e.,  the  case  without  NO 
in  the  free  stream.  This  is  primarily  because  of  the 
increased  noise  and  loss  of  detection  sensitivity  that 
results  from  the  dilution  of  fuel  NO  when  free-stream 
NO  is  not  present.  The  raggedness  of  the  plume 
boundary  for  the  unseeded  case  results  from  the 
thresholding  applied  to  remove  the  noise  in  the  free 
stream. 

Fig.  6(a)  shows  a  15-frame  average-temperature 
image  for  the  case  with  NO  seeded  in  the  free  stream. 
The  average  image  is  generally  less  noisy,  which 
makes  the  expansion  fan,  bow  shock,  and  reattach¬ 
ment  shock  easier  to  identify.  Note  that  although 
the  signal-to-noise  ratio  is  increased  in  the  average 
image,  the  details  of  the  large-scale  turbulent  struc¬ 
tures  in  the  plume-cross-flow  shear  layer  are  lost. 
In  addition,  note  that  while  the  same  general  trends 
observed  in  the  instantaneous  images  are  apparent  in 
the  average  image,  there  is  a  significant  difference: 
the  average-temperature  image  shows  a  deceivingly 
thick  thermal  shear  layer  at  the  jet  boundary,  which 
is  in  direct  contrast  to  the  sharp  temperature  gradi¬ 


ent  observed  in  the  instantaneous  images.  This 
important  difference  between  the  instantaneous  and 
mean  scalar  fields  is  well  established  and  has  been 
observed  in  a  number  of  subsonic  gaseous  and  liquid 
shear  flows, 

This  difference  is  shown  quite  clearly  in  Fig,  7, 
which  shows  instantaneous  and  average  cross-sec¬ 
tional  temperature  profiles  at  an  axial  location  of 
xjD  =  12.  In  the  figure,  the  instantaneous  profile 
shows  a  relatively  uniform  temperature  distribution 
across  the  jet  plume  with  a  very  steep  gradient  at  the 
plume-cross  flow  interface.  The  average  profile 
(which  here  is  not  sufficiently  converged)  shows  a 
smoother  character  within  the  plume,  and  a  much 
weaker  temperature  gradient  in  the  shear  layer. 
The  smoother  temperature  distribution  in  the  shear 
layer  of  the  mean  image  results  from  the  averaging  of 
intermittent  tongues  of  hot,  undiluted  free-stream 
fluid  with  the  otherwise  cooler,  mixed  jet  fluid. 

Fig.  6(b)  shows  a  15-frame,  conditioned-average 
temperature  image  for  the  case  without  NO  seeded  in 
the  free  stream.  In  this  case  the  average  tempera¬ 
ture  at  a  given  pixel  in  this  image  is  conditioned  on 
the  presence  of  jet  fluid;  that  is,  the  temperature  at  a 
given  pixel  is  included  in  the  average  only  if  the  raw 
fluorescence  signal  was  above  a  threshold  value,  set 
just  above  the  noise  background  of  the  image. 
Hence,  Fig.  6(b)  shows  the  mean  temperature  of  the 
mixed  jet  fluid,  i.e.,  the  mixed-mean  temperature. 

We  should  note  here  that,  although  we  believe  the 
general  trends  in  the  mean-temperature  distribu¬ 
tions  are  correct,  the  number  of  images  included  in 
Figs.  6(a)  and  6(b)  is  not  sufficient  for  convergence. 
This  is  evidenced  by  the  remnants  of  turbulent 
structure  that  persist  in  the  shear  layer  of  both 
average-temperature  images,  but  to  a  larger  extent  in 
the  conditionally  averaged  temperature  images,  due 
to  the  relatively  low  intermittency  of  the  jet  fluid  (and 
thus  temperature  measurements).  Nevertheless,  a 
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Fig.  7.  Temperature  cross  sections  at  axial  station  x/D  =  12. 
(a)  Taken  from  the  instantaneous  temperature  field  shown  in  Fig. 
5(a).  (b)  Taken  from  the  15-frame  average-temperature  field 

shown  in  Fig.  6{a).  The  profiles  are  relatively  noisy  in  the  free 
stream  because  of  the  low  NO-seeding  fraction,  but  they  are  much 
less  noisy  in  the  plume  region  because  of  a  higher  NO-seeding 
fraction.  Hence  the  apparent  temperature  fluctuations  in  the  free 
stream  owe  to  noise,  but  the  temperature  fluctuations  within  the 
plume  are  primarily  due  to  flow  variations. 

comparison  of  these  images  is  useful  because  they 
provide  different  temperature  information,  i.e.,  Fig. 
6(a)  shows  the  overall  temperature  (fuel  plus  free- 
stream  fluid),  while  Fig.  6(b)  shows  the  mean  tempera¬ 
ture  of  the  fuel. 

It  is  precisely  this  distinction  that  accounts  for  the 
markedly  different  temperatures  indicated  in  the 
plume-cross  flow  shear  layer.  Figure  6(a)  shows  a 
generally  higher  temperature  in  the  shear  layer, 
which,  as  noted  above,  results  from  the  averaging  of 
intermittent  tongues  of  undiluted,  hot  free-stream 
fluid  with  the  otherwise  cooler,  mixed  jet  fluid. 
(Similar  differences  in  the  average  and  conditioned- 
average  concentration  profiles  have  been  observed  in 
the  shear  layer  of  simple  round  jets. 2'^)  The  signifi¬ 
cance  of  the  cooler  fuel  temperature  in  the  shear  layer 
of  Fig.  6(b)  is  that  the  mixing  there  is  not  as  efficient 


as  implied  by  the  overall  average-temperature  field. 
With  the  exception  of  the  shear  layer,  however,  Figs. 
6(a)  and  6(b)  show  essentially  the  same  temperature 
field.  This  suggests  that  the  lower  and  centr^  plume- 
core  regions  are  reasonably  well  mixed,  which  is 
consistent  with  the  fact  that  large  pockets  of  pure 
free-stream  fluid  within  the  plume  are  generally  only 
observed  in  the  shear  layer. 

These  sample  results  illustrate  the  usefulness  of 
instantaneous  temperature  imaging  in  clarifying  the 
mixing  and  the  role  of  large-scale  structures  in  this 
flow  field.  For  example,  examining  only  the  frame- 
or  time-averaged  flow  field  can  lead  to  misinterpreta¬ 
tions  in  the  scalar  fields.  Furthermore,  because  of 
the  important  differences  in  the  mean  and  mixed- 
mean  properties,  instantaneous  measurements  are 
necessary  to  permit  the  conditional  averaging  that  is 
required  to  evaluate  the  mixed-mean  properties. 

C.  SNR  and  Estimation  of  Uncertainties 

The  potential  sources  of  uncertainty  in  these  measure¬ 
ments  include  resolution  effects,  fluorescence  scatter¬ 
ing  or  ghosting,  photon  statistical  noise,  shot-to-shot 
laser  sheet  and  line-shape  fluctuations,  and  laser 
attenuation  caused  by  optical  thickness.  Errors  re¬ 
sulting  from  resolution  effects  and  ghosting,  how¬ 
ever,  are  not  expected  to  be  significant  in  these 
measurements  (with  the  possible  exception  of  the 
plume-free  stream  shear-layer  region,  as  discussed 
above  and  in  Ref.  23).  In  the  following  paragraphs, 
we  estimate  the  relative  magnitudes  of  the  other 
major  sources  of  uncertainty. 

The  uncertainty  that  is  due  to  photon  statistics  can 
be  estimated  from  the  SNR  based  on  shot-noise 
limited  detection.  The  SNR  in  the  fluorescence  im¬ 
ages  (1/SNR  =  hSf/Sf)  can  be  related  to  the  uncer¬ 
tainty  in  the  ratio  through 

8Ri2  /6Sn 

=  •  w 

and  to  the  uncertainty  in  temperature  through  Eqs. 
(3)  and  (4).  To  estimate  the  temperature  uncer¬ 
tainty  attributable  to  shot  noise,  we  calculated  the 
fluorescence  SNR  as  a  function  of  mixture  tempera¬ 
ture  by  scaling  the  minimum  SNR  measured  in  the 
free  stream.  After  using  Eq.  (1)  in  conjunction  with 
a  simple  molar-enthalpy  balance  between  the  two 
streams  to  calculate  the  fluorescence  signal  as  a 
function  of  temperature,^^  we  scaled  the  SNR  using 
the  relation  SNR  ^  'JSf.  The  minimum  free-stream 
SNR’s  were  obtained  from  typical  sheet-corrected 
images,  using  the  standard  deviation  of  the  average 
signal  over  a  large  area  in  the  low-energy  region  of  the 
sheet.  (The  SNR,  and  hence  the  temperature  uncer¬ 
tainty  that  is  due  to  shot  noise,  varies  throughout  the 
respective  images  because  of  variations  in  the  flow 
field  properties  as  well  as  variations  in  the  laser 
sheet-energy  distribution.  For  example,  even  in  the 
free  stream  where  the  properties  are  uniform,  the 
SNR  varies  by  as  much  as  a  factor  of  2  because  of 
variations  in  laser  energy. ) 
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Figure  8  shows  the  estimated  signal,  ratio,  and 
temperature  uncertainties  caused  by  shot  noise  as  a 
function  of  mixture  temperature.  These  uncertain¬ 
ties  were  calculated  based  on  minimum  free-stream 
SNR’s,  which  were  measured  to  be  -^5  and  -^7, 
respectively.  The  signal  uncertainties  show  the 
variation  of  the  SNR  for  each  transition,  with  the 
SNR  ranging  from  7—30  for  the  low-J^'  line  and 
from  ^4-10  for  the  high-J"  line.  Note  that,  by 
design,  the  temperature  uncertainty  is  lower  than  the 
uncertainty  in  the  fluorescence  ratio  for  all  tempera¬ 
tures.  The  temperature  uncertainty  is  noticeably 
suppressed  at  low  temperatures,  due  to  the  low 
temperature  sensitivity  of  the  fluorescence  ratio  at 
low  temperatures.  Based  on  these  calculations,  the 
instantaneous  temperature  uncertainty  (due  to  shot 
noise)  ranges  from  ^5—20%  over  300-1260  K. 
Within  the  plume,  though,  the  temperature  is  gener¬ 
ally  less  than  -- 1000  K  and  the  shot-noise  tempera¬ 
ture  uncertainties  are  less  than  ^  9%.  (F or  the  cases 
without  free-stream  seeding,  the  uncertainties  are 
slightly  higher  within  the  plume  because  of  the 
increased  NO  dilution  by  the  free-stream  fluid.) 

Shot-to-shot  fluctuations  in  the  laser  spectral  pro¬ 
file,  laser  detuning  from  the  absorption-line  center, 
and  laser  spatial  energy  distribution  also  add  to  the 
temperature  uncertainty.  For  the  cases  with  NO  in 
the  freestream,  the  line-shape-based  errors  were  mini¬ 
mized  by  the  in  situ  determination  of  C12.  (Although 
differences  in  the  absorption  linewidth  and  pressure 
shift  throughout  the  flow  can  result  in  some  residual 
line-shape-based  error,  this  error  is  expected  to  be 
much  smaller  than  the  other  sources  and  will  be 
neglected  here.)  For  these  cases,  the  uncertainty 
owing  to  laser  fluctuations  primarily  results  from 
using  average  rather  than  instantaneous  sheet- 
correction  measurements.  (Fluctuations  of  ~±5% 
were  observed  in  the  normalized,  instantaneous  sheet 
profiles  when  compared  to  the  average.)  Including 
the  combined  sheet  corrections  of  both  images,  the 
uncertainty  in  the  fluorescence  ratio  is  ~±7%  and 


Fig.  8.  Estimated  uncertainties  due  to  shot  noise  in  the  instanta¬ 
neous  jet  in  cross-flow-temperature  images:  A8i2/^  =  1531  K\ 
Too  =  1260  K,  nonoxidizing  free  stream  with  0.1%  NO. 


the  resulting  uncertainty  in  temperature  ranges  from 
1.5-6%, 

For  the  cases  without  NO  in  the  free  stream,  the 
fluctuations  in  the  laser  spectral  profile  were  not 
accounted  for.  In  these  cases,  we  used  the  average 
value  of  C12  determined  from  an  ensemble  of  24 
measurements  with  NO  in  the  free  stream.  In  these 
measurements,  we  observed  ±  10%  fluctuation  in 
C12,  which  is  higher  than,  although  on  the  order  of, 
that  predicted  by  the  laser  model  described  above. 
Here,  we  attribute  the  primary  uncertainty  in  C12  to 
shot-to-shot  fluctuations  in  the  laser  mode  structures 
(and  thus  overlap  integrals),  because  the  laser  ener¬ 
gies  were  normalized  and  the  sheet  fluctuations  were 
minimized  by  averaging  across  the  entire  free  stream. 
(Other  possible  sources  include  imperfect  absolute- 
energy  corrections  and  shot-to-shot  fluctuations  in 
the  intensifier  gains. )  Combining  the  uncertainty  in 
C12  with  that  of  the  instantaneous  sheet  corrections 
leads  to  a  temperature  uncertainty  of  2-8%,  over 
300-1000  K,  because  of  laser  fluctuations  alone. 

Some  systematic  error  in  these  instantaneous  mea¬ 
surements  also  arises  from  laser  attenuation.  These 
errors  are  mixture  and  temperature  dependent  and 
are  therefore  difficult  to  correct.  The  estimated 
(worst  case)  systematic  errors  due  to  laser  attenua¬ 
tion  are  listed  in  Table  1  as  a  function  of  mixture 
temperature .  The  values  of  laser  attenuation  shown 
in  the  table  were  calculated  assuming  a  uniform 
mixture  over  the  noted  path  length  and  assuming  a 
Gaussian  laser  line  shape  (0.30  cm“^).  The  results 
show  that  attenuation  is  always  more  severe  for  the 
low-J"  line,  and  combining  both  measurements  re¬ 
sults  in  measured  temperatures  that  are  systemati¬ 
cally  high  by  2-14%, 

In  comparing  the  sources  of  uncertainty  in  these 
measurements,  we  note  that  the  shot-to-shot  laser 
mode  fluctuations  and  the  photon  statistical  noise  are 
the  most  dominant.  Combining  the  random  sources 
(assuming  they  are  uncorrelated)  leads  to  tempera¬ 
ture  uncertainties  that  range  from  ~  5-10%  within 
the  plume  ( <  1000  K),  and  up  to  ~21%  in  the  free 
stream  for  cases  with  free-stream  NO.  For  cases 
without  free-stream  NO,  the  shot-to-shot  uncertain¬ 
ties  in  the  plume  are  slightly  higher  (^5-13%)  be¬ 
cause  of  the  uncertainty  in  C12  and  the  dilution  of  fuel 
NO.  The  estimated  worst-case  systematic  errors 


Table  1 .  Estimated  Worst-Case  Systematic  Errors  Owing  to  Laser 
Absorption  within  the  Jet  Piume 


r(K) 

path 

(mm) 

P 

(atm) 

%  Attenuation 

8i?i2/i2l2 

&T/T 

fli(13.5) 

Qi(28.5) 

300 

5 

0.8 

32 

0.6 

+0.46 

+  0.09 

400 

7.5 

0.6 

35 

2.3 

+0.50 

+0.13 

500 

7.5 

0.4 

24 

3.5 

+0.27 

+0.09 

600 

10 

0.4 

24 

5.7 

+0.24 

+0.09 

700 

10 

0.4 

18 

5.4 

+0.15 

+0.07 

800 

10 

0.4 

13 

5.5 

+0.09 

+  0.05 

900 

10 

0.4 

9 

4.5 

+0.05 

+  0.03 

1000 

10 

0.4 

6 

3.7 

+0.03 

+0.02 
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due  to  optical  thickness  are  somewhat  less  than  the 
random  errors,  but  are  of  comparable  magnitude. 

6.  Summary  and  Conclusions 

In  this  paper,  we  have  described  one  of  the  first 
detailed  applications  of  two-line  instantaneous  tem¬ 
perature  imaging  in  a  supersonic  mixing  flow  field. 
The  measurements  were  based  on  laser-induced  fluo¬ 
rescence  from  NO  A  ^11+  ^  (0,  0)  transitions 

near  226  nm,  with  two  sequentially  pulsed  dye  lasers 
and  two  intensified,  cooled  CCD  cameras  used  for 
temporally  resolved  measurements.  Several  aspects 
of  the  technique  have  been  discussed  in  the  context  of 
measurements  in  a  SCRAMJET-model  flow  field, 
including  temperature  sensitivity,  random  uncertain¬ 
ties,  spatial  and  temporal  resolution,  and  systematic 
errors  such  as  laser  attenuation  and  overlap  integral 
effects. 

Both  instantaneous  and  frame-averaged  tempera¬ 
ture  measurements  of  the  nonreacting  flow  field  were 
obtained  with  NO  seeded  in  the  fuel,  for  cases  with 
and  without  free-stream-seeded  NO.  While  the 
former  seeding  strategy  permits  temperature  mea¬ 
surements  throughout  the  flow  field,  the  latter  strat¬ 
egy  unambiguously  marks  the  fuel  and  may  be  more 
useful  in  examining  the  mixing  phenomena.  In  both 
cases,  the  dominant  sources  of  temperature  uncer¬ 
tainty  were  generally  shot-noise  and  laser  spectral 
fluctuations.  The  temperature  errors  that  are  due 
to  laser  attenuation  generally  dominated  the  random 
uncertainties  only  in  the  coldest  regions  of  the  jet 
plume. 

For  cases  with  free-stream  NO,  random  tempera¬ 
ture  uncertainties  ranged  from  approximately  5%  at 
300  K  to  approximately  10%  in  the  warmest  regions 
of  the  plume  at  1000  K,  and  up  to  ^21%  in  the  free 
stream  at  1260  K.  The  random  temperature  uncer¬ 
tainties  in  the  plume  were  slightly  higher  (5“13%)  for 
the  cases  without  NO  in  the  free  stream,  primarily 
because  of  the  shot-to-shot  laser  fluctuations  and  the 
lack  of  in  situ  calibration.  At  worst,  the  systematic 
temperature  errors  that  were  due  to  laser  attenua¬ 
tion  were  10%  and  resulted  in  measured  tempera¬ 
tures  that  were  systematically  high.  The  measure¬ 
ment  uncertainties  owing  to  laser  fluctuations  could 
be  reduced  in  future  experiments  by  using  lasers  with 
a  broader  linewidth,  real-time  laser  monitors,'^  and  in 
situ  calibration.  Shot-noise  uncertainties  may  also 
be  reduced  (by  perhaps  5  times)  by  using  higher  laser 
pulse  energies  and  faster  collection  optics  (e.g.,  //2.5), 

Overall,  these  measurements  demonstrate  the  abil¬ 
ity  to  make  high-quality,  instantaneous  temperature 
measurements  in  complex  combustion  flow  fields. 
As  recently  reported, these  NO  measurements  can 
be  easily  extended  to  the  reacting  case  and  offer 
several  advantages  over  OH  measurements,  includ¬ 
ing  the  following:  the  ability  to  seed  NO  in  both 
streams,  not  just  in  combustion  regions,  to  obtain 
measurements  at  all  points;  the  absence  of  J"- 
dependent  quenching  rates  or  radiative  lifetimes  that 
can  lead  to  systematic  errors;  and  the  opportunity  to 


collect  strong  nonresonant  fluorescence  to  spectrally 
isolated,  high-lying  vibrational  states,  which  reduces 
potential  errors  associated  with  radiative  trapping. 
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Abstract — Narrow>bandwidth  semiconductor  (GaAlAs)  lasers  have  been  used  to  record 
spectrally  resolved  atomic  oxygen  (7772  A)  and  argon  (8425  A)  lineshapes,  corresponding  to 
the  and  4s^Pi^4p^D2  transitions,  in  an  atmospheric  pressure,  1.4-kW,  27-MHz 

inductively  coupled  argon-oxygen  (12%  02/argon)  plasma.  Electron  number  density  and 
kinetic  temperature  values  were  inferred  from  the  Stark-  and  Doppler-broadening  components 
of  the  absorption  lineshapes,  respectively.  The  ionization  temperature  was  calculated  from  the 
measured  electron  number  density  assuming  ionization  (Saha)  equilibrium.  Values  of  excited- 
state  species  number  density  and  population  temperature  were  determined  from  the  frequency- 
integrated  absorption  coefficient  for  each  transition.  The  difference  between  the  ionization  and 
population  temperatures  reflects  the  presence  of  a  suprathermal  electron  number  density  in 
the  flowfield.  In  addition,  the  excellent  agreement  between  the  kinetic  and  population 
temperatures  suggests  that  the  population  in  the  oxygen  and  argon  lowest  excited  states  may 
be  described  by  a  Boltzmann  distribution  at  the  kinetic  temperature.  The  methods  presented 
extend  effectively  the  range  of  semiconductor-laser  diagnostics  to  mixed-gas  plasmas  and 
flowfields  containing  atomic  oxygen. 


INTRODUCTION 

Semiconductor-laser  diagnostics  have  recently  been  developed  to  determine  important  plasma 
parameters  in  atmospheric-pressure  argon  plasmas  from  Stark-affected  absorption  and  fluorescence 
lineshape  measurements.*”^  Values  of  electron  number  density  electron  temperature  (T'e)^ 
kinetic  temperature  (7),  ionization  temperature  (T,),  and  population  temperature  (Tp^p)  have  been 
inferred  directly  from  lineshape  analyses  of  measured  Stark-broadened  and  -shifted  profiles.  In 
addition,  spatially  resolved  values  of  saturation  intensity  (Aat)  and  nonradiadve  collisional  transfer 
(quench)  rate  have  been  determined  from  analyses  of  partially  saturated  lineshapes.^ 

In  the  present  investigation,  a  pair  of  narrow-bandwidth  semiconductor  (GaAlAs)  lasers  were 
operated  independently  and  used  to  record  highly  resolved  atomic  oxygen  (7772  A)  and  argon 
(8425  A)  absorption  lineshapes,  corresponding  to  the  transitions  3s^Sl-^3p^P 3  and  4s^Pi^4p^D2, 
in  an  atmospheric-pressure,  27-MHz,  inductively  coupled  argon— oxygen  plasma  (ICP).  The 
measurements  were  made  6  mm  above  the  induction  coil  (z  =  6  mm).  The  gas  mixture  supplied  to 
the  torch  which  was  used  to  maintain  the  plasma  flowfield  was  12%  O2  in  argon.  Values  of  ^e, 
7,  7i,  and  7  op  were  determined  from  line-broadening  analyses  and  frequency-integrated  line 
intensities.  The  extent  of  local  thermodynamic  equilibrium  (LTE)  in  the  probed  region  was  assessed 
from  the  parameters  inferred  from  each  probed  transition. 

Partially  ionized  atmospheric-pressure  plasmas  which  include  appreciable  quantities  of  inexpen¬ 
sive  gases  such  as  N2  and/or  O2  have  significant  practical  advantages  over  the  relatively  common 
pure  argon  flowfields.  For  example,  the  mixed-gas  plasma  can  reduce  the  overall  operadng  cost, 
expand  the  analytical  capability,  and  provide  additional  variables  for  operational  optimization 
compared  with  the  conventional  argon  flowfield. In  addition,  atomic  oxygen  is  an  important 
constituent  in  many  high  temperature  environments  (e.g.,  hypersonic  air  flows).  Hence  diagnostic 
techniques  capable  of  probing  atomic  oxygen  at  high  temperatures  are  of  broad  interest. 

tTo  whom  ail  correspondence  should  be  addressed. 
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THEORY 

Figures  1  and  2  show  atomic  oxygen  and  argon  energy-level  diagrams  which  include  the  relevant 
states  and  wavelengths  for  the  transitions  investigated.  The  large  energy  spacing  between 
the  ground  and  first  excited  states  in  both  atomic  energy-level  structures  effectively  prohibits 
single-photon  excitation  from  the  atomic  ground  states  and  monitoring  of  emission  from 
the  resonance  levels.  Absorption-based  techniques,  however,  can  provide  effective  methods 
for  probing  the  oxygen-3/7  and  the  argon-45  levels,  the  lowest  excited  levels  of  each  atom. 
Since  a  description  of  absorption  lineshape  theory  for  argon  has  been  described  previously, '  - 
only  the  fundamental  issues  and  details  pertinent  to  atomic  oxygen  spectroscopy  will  be 
discussed. 

The  spectral  transmission,  T{v),  of  a  probe  beam  of  light  of  frequency  v  through  a  linearly 
absorbing  medium  may  be  expressed' 

r(v)  =  /(v)//o  =  exp(-i(v)dx),  (1) 

where  T{v)  is  the  spectral  transmittance,  /(v)  is  the  transmitted  intensity  at  frequency  v,  is 
the  incident  beam  intensity,  and  k{v)  is  the  spectral  absorption  coefficient,  which  may  be 
expressed' 

k{v)  =  hvn^iBt^lc)  (1  -  exp(-/2v//:7’J)(/)(v),  (2) 

where  n,  is  the  lower  state  number  density,  is  the  Einstein  coefficient  for  absorption  between 
levels  1  and  u,  is  the  excitation  temperature  which  describes  the  ratio  of  populations  in  the 
laser-coupled  excited  states  1  and  u,  and  (p{v)  is  the  lineshape  function.  The  frequency  integral  of 
the  lineshape  function  is  normalized  to  unity,  J  0(v)  dv  s  1.  The  lower  state  number  density,  n,  may 
be  related  to  the  population  temperature,  7;„p,  for  a  system  in  Boltzmann  equilibrium  with  the 
ground  state,  through  the  relation 

«i/«a  =  ^i/.Z.exp(-£,//c7’p„p),  (3) 

where  g,  and  £■,  are  the  lower  state  degeneracy  and  excitation  energy;  Z,  and  ?i^  are  the  atomic 
partition  function  and  total  species  number  density,  respectively. 

The  lineshape  function,  0(v),  reflects  the  thermodynamic  state  of  the  plasma  and  is  a  result  of 
the  various  broadening  mechanisms  acting  on  the  absorbing  particle.  Hence  an  accurate  determi¬ 
nation  of  plasma  state  parameters  from  spectral  profile  analyses  requires  proper  consideration  of 
all  significant  broadening  mechanisms.  In  general,  collisional  interactions  and  radiative  decay  give 
rise  to  Lorentzian  lineshapes  and  relative  motional  (Doppler)  effects  yield  Gaussian  profiles.  If  the 


Fig.  1.  Energy-level  diagram  of  atomic  oxygen  illustrating  Fig.  2.  Energy-level  diagram  of  argon  illustrating  the  rel- 
the  relevant  transitions  for  the  present  investigation.  evant  transitions  for  the  present  investigation. 
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individual  broadening  mechanisms  are  uncorrelated,  the  measured  lineshape  may  be  accurately 
described  by  a  Voigt  profile  in  terms  of  the  kinetic  temperature  and  the  Voigt  a  parameter,  which 
is  given  by 

a  =  (ln2)'/^AvJAvD,  (4) 

where  Av^  and  Avq  are  the  Lorentzian  and  Doppler  widths  (FWHM)  of  the  lineshape,  respectively. 

For  partially  ionized  atmospheric-pressure  plasmas,  the  radiative  and  collisional  interactions 
which  reduce  the  level  lifetimes  include  natural,  resonance,  van  der  Waals,  and  Stark-broadening 
mechanisms.  For  the  probed  argon  and  oxygen  transitions,  natural  broadening  (Avn),  due  to  the 
finite  lifetimes  of  the  upper  and  lower  states  in  the  transition,  contributes  245  and  5.4  MHz  to  the 
total  Lorentzian  lineshape  components,  respectively.’  Resonance  broadening  is  proportional  to 
the  oscillator  strength  of  a  radiative  transition  connecting  a  probed  level  to  the  ground  state.  Since 
the  lower  state  of  the  probed  oxygen  transition  is  optically  connected  to  the  closely  spaced 

“ground”  states  through  a  pair  of  weak  (quintet-triplet)  transitions’  (Fig.  1),  the  resonance 
broadening  contribution  to  the  total  Lorentzian  width  is  relatively  insignificant  and  may  be 
neglected.  [Note  that  resonance  (triplet-triplet)  transitions  (2  «  130  nm)  from  the  nearby 
state  (76795  cm“')  to  the  ground  states  have  significantly  stronger  oscillator  strengths.]’  Conversely, 
resonance  broadening  must  be  considered  in  the  argon  lineshape  analysis  since  the  oscillator 
strength  of  the  radiative  transition  which  connects  the  probed  argon  lower  level  to  the  ground  state 
is  non-negligible.^  ’ 

Van  der  Waals  (pressure)  broadening,  due  to  non-radiative  interactions  with  other  neutral 
species,  may  be  significant  in  mixed-gas  flowfields.  The  theoretical  relation  which  describes  the 
Lorentzian  width  (FWHM)  due  to  van  der  Waals  broadening,  A2,dw,  is  given  in  MKS  units  by* 


,(GHz)  =  V 


9nh^Rl 

\6mlEl 


where  Vis  the  perturber  number  density,  m,  is  the  electron  mass,  £p  is  the  perturber  resonance-level 
excitation  energy  (e.g.,  £p  =  1.86  x  lO^'*  J,  1.52  x  10“'*  J  for  argon  and  oxygen  perturber_s, 
respectively),’  v  (m/sec)  is  the  mean  relative  velocity  between  the  perturber  and  absorber,  and 
is  the  square  of  the  coordinate  vector  of  the  radiating  electron.  For  the  oxygen  transition,  the 
nominal  value  of  the  square  of  the  coordinate  vector  is  Rl «  44.  Furthermore,  for  atmospheric- 
pressure  flowfields  consisting  of  atomic  oxygen  and  argon,  the  van  der  Waals  contribution  to  the 
total  Lorentzian  width  for  the  oxygen  transition  may  be  expressed 


Al,dw(GHz)  «  760  T  (1.3^0  +  XmX 


(5b) 


where  Xo  and  Xat  are  the  mole  fractions  of  atomic  oxygen  and  argon  in  the  flowfield,  respectively. 

For  non-hydrogenic  species,  the  total  theoretical  Stark  width  (FWHM),  w,h(A),  and  shift,  4h(A), 
due  to  Coulombic  interactions  with  charged  particles,  may  be  described  in  terms  of  state-specific 
parameters,  and  T,  by  the  relations^ 


:2[1  -H  1.75  X  10-''«y‘'a(l  -0.068/z]/®7’e-'/’)]«eWl0- 


c/.,«2r-  ±2.0  X  10-^ny^a(l  -0.068ny®7’r'/’)  /ZeWlO-'®,  (7) 

w  _ 

where  w  (A)  is  the  electron  impact  parameter,  a  is  the  ion  broadening  parameter,  and  the  ratio  djw 
is  the  relative  electron  impact  shift.*  ®  The  parametric  variations  of  the  tabulated  parameters®  with 
n,  and  T,  are  included  in  Eqs.  (6,  7).  The  Stark  shift  is  generally  towards  longer  wavelengths  except 
for  negative  values  of  dlw. 

For  typical  conditions  encountered  in  the  present  investigation  (i.e.,  T  =  8300  K  and 
«p  =  3.4  X  10'’cm“^),  the  effective  Stark  parameters  for  the  probed  oxygen  transition  were 
a  a  0.013,  w  w  0.036,  and  a  0.014,  whereas  for  the  probed  argon  transition,  the  values  were 
assO.OlL  wss  0.047,  and  0.015.'®  For  a  system  of  particles  with  a  Maxwellian  velocity 
distribution,  the  relation  between  the  Doppler-broadening  linewidth,  Av^  (FWHM),  and  the  kinetic 
temperature  is  given  by" 


Avd/vo  =  (8  In  2  kr/Mc’)'/’, 


(8) 
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Fig.  3.  Schematic  diagram  of  the  experimentai  setup. 


where  M  is  the  absorber  mass  and  Vq  is  the  transition  linecenter  frequency.  Thus,  the  Voigt 
parameters  a  and  T,  which  accurately  describe  a  measured  lineshape,  may  be  used  to  determine 
the  total  Lorentzian  width  and  kinetic  temperature  in  the  probed  region. 

The  frequency  integral  of  the  spectral  absorption  coefficient  yields  the  integrated  absorption 
coefficient,  K,  given  by' 

K  =  hvn^iB^Jc)  [1  -  cxp(-hv/kT,Jl  (9) 

Since  the  exponential  term  in  Eq.  (9)  is  relatively  insensitive  to  changes  in  the  population 
temperature,  Jp^p,  is  the  parameter  which  essentially  describes  the  lower  state  number  density  and 
thus  may  be  determined  from  the  measured  integrated  absorption  coefficient,  Eqs.  (3,9).' 

The  ionization  temperature,  JJ,  may  be  determined  for  a  system  in  ionization  equilibrium  from 
the  measured  electron  number  density  and  the  Saha  equation,  given  by" 

«e«i/«a  =  (2ZJZJ(2nm,kT,y^^/h^cxp{-EJkTiX  (10) 

where  n-^  is  the  ion  number  density,  Ei  is  the  effective  ionization  energy  of  the  probed  species,  and 
Zj  is  the  ion  partition  function.  Since  the  Saha  equation  is  relatively  insensitive  to  the  electron 
temperature  in  the  pre~exponential  term  (i.e.,  the  ionization  temperature  is  the  parameter 

which  essentially  describes  the  charged  particle  number  density.  Moreover,  since  results  from 
previous  investigations  suggest  that  the  electrons  and  heavy  particles  are  in  kinetic  equilibrium,  the 
ionization  temperature,  Tj,  may  be  determined  from  measured  values  of  and  T  from  Eq.  (10).' 


EXPERIMENTAL  STUDIES 

Figure  3  is  a  schematic  diagram  of  the  experimental  setup  which  was  used  for  simultaneous 
measurements  of  oxygen  and  argon  absorption  lineshapes  in  an  ICP  flowfield  and  a  low-pressure 
microwave  discharge.  A  detailed  description  of  the  basic  setup  for  a  single  laser  experiment  has 
been  described  previously.'  In  the  present  experiment,  a  pair  of  semiconductor  lasers  [Laser  #  1: 
Sharp  LT021MD  (7772  A);  Laser  #2:  Spectra  Diode  Labs  5410  (8425  A)]  were  operated 
independently  and  tuned  across  the  desired  transitions  by  modulating  the  individual  injection 
currents  at  a  rate  of  500  Hz  while  maintaining  constant  case  temperatures.  The  output  beams  were 
directed  through  separate  tunable  optical  isolators  (Optics  for  Research  NIR-5)  to  minimize 
retroreflections  from  disturbing  the  single-mode  operation  of  the  lasers. 

The  operating  conditions  for  Laser  #  1  (case  temperature  =  9.0°C,  bias  current  =  65  mA, 
current  modulation  amplitude  =  120  mA)  provided  a  54-GHz  spectral  scan  centered  about  the 
oxygen  absorption  line  (7772  A),  the  strongest  of  three  closely  spaced  transitions.^  The  neighboring 
oxygen  transition  3^' ^5® *^3/?  ^7^2  (7774  A)  could  also  be  probed  by  appropriately  varying  the 
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injection  current  and  increasing  the  case  temperature  to  about  11  C.  Since  the  signal-to-noise 
ratio  for  the  lineshape  recorded  from  the  7772  A  transition  was  about  twice  that  of  the  7774  A 
transition  due  to  the  larger  oscillator  strength  (/;„)  (i.e.,  for  7772  A,  7;^  =  0.431;  7774  A, 
Au  =  0.307),’  only  the  stronger  transition  was  probed  in  the  present  investigation. 

"xhe  operating  conditions  for  Laser  #2  (case  temperature  =  10.5°C,  bias  current  =  85  mA, 
current  modulation  amplitude  =  7.5  mA)  yielded  a  52-GHz  spectral  scan  over  the  argon  transition 
(8425  A).  Each  output  beam  was  split  before  entering  the  flowfield  and  directed  through  a  fixed 
etalon  (2.00-GHz  free  spectral  range),  low-pressure  microwave  (2.45-GHz)  discharge,  and  onto 
the  face  of  a  silicon  photodetector  to  monitor  the  incident  laser  power  to  the  flowfield.  The 
absolute  laser  wavelength  was  monitored  by  a  wavemeter  (Burleigh  WA-10).  The  incident  laser 
powers  into  the  flowfields  for  Lasers  #  1  and  #  2,  measured  by  a  (Lexel)  power  meter,  were 
approx.  5  and  10  mW,  respectively.  The  beams  were  focused  loosely  through  the  flowfield  by  a 
40-cm  lens.  The  dimensions  of  each  beam  [480 /im  (horizontal)  x  275  ^m  (vertical)]  at  the  waist 
were  similar  and  stayed  relatively  constant  over  the  1-cm  pathlength  through  the  plasma.  The 
transmitted  intensity  was  directed  through  a  series  of  spatial  filters  and  focused  onto  the  face  of 
a  silicon  photodetector.  The  measured  frequency  response  of  all  detectors  was  >  500  kHz  at  the 
—  3  dB  point. 

All  measured  lineshapes  were  independent  of  laser  intensity  and  thus  essentially  free  from 
laser-saturation  (power-broadening)  effects.  The  addition  of  oxygen  to  the  flowfield  will 
increase  the  effective  collision  rate  and  the  saturation  intensity  for  the  probed  argon  and 
the  weaker  oxygen  transition  compared  with  the  pure  argon  flowfield,  since  the  atomic 
oxygen  collision  cross-section  with  electrons  is  almost  twice  the  value  for  argon.  The  nominal 
values  of  the  laser  intensities  (/ijj^  ~  7.6  W/cm’)  which  were  used  to  probe  the  transitions  were 
substantially  less  than  the  measured  4,  value  for  the  argon  transition  (8425  A)  in  a  pure  argon 
atmospheric-pressure  plasma,  where  4t  ~  Hence  the  observation  of  essentially 

unsaturated  lineshapes  for  the  present  conditions  is  consistent  with  the  results  from  a  previous 
investigation.’ 

The  ICP  plasma  was  sustained  at  atmospheric  pressure  by  inductively  coupling  1.4  kW 
(  <  10  W  reflected)  of  electrical  power  out  of  a  radio-frequency  (r.f.)  generator  into  gas  flowing 
through  a  quartz  torch  with  a  three-turn  copper  induction  coil.  The  plasma  was  initially  ignited 
in  a  pure  argon  environment.  Molecular  oxygen  was  slowly  introduced  to  the  gas  flow  prior  to 
entering  the  torch  gas  injection  ports  while  the  matching  network  impedance  was  adjusted  to 
compensate  for  the  changing  plasma  impedance  and  minimize  reflected  power  to  the  generator. 
The  volumetric  gas  flow  rates  (40  standard  1/min  argon,  6  standard  1/min  Oj)  were  metered  by 
calibrated  rotameter  tubes  and  adjusted  to  achieve  maximum  absorption  for  the  atomic  oxygen 
transition  at  the  given  input  r.f.  power.  The  maximum  atomic  oxygen  absorption  for  the  probed 
transition  was  obtained  by  maximizing  the  product  of  the  lower  state  number  density  and  the 
effective  pathlength  (/)  through  the  flowfield.  For  the  given  input  r.f.  power,  variations  in  the 
relative  proportions  of  the  constituent  gases  resulted  in  a  decrease  in  the  product  («,/)  and 
consequently  the  effective  total  absorption. 

The  plasma  volume  decreased  considerably  as  oxygen  was  added  to  the  pure  argon  flowfield. 
The  smaller  size  of  mixed-gas  plasmas  relative  to  pure  argon  flowfields  has  been  attributed  to  the 
thermal  pinch  effect  that  results  from  the  dissociation  of  molecular  gases.”  The  addition  of  a 
molecular  species  increases  the  thermal  conductivity  and  the  heat  transfer  rate  through  the 
flowfield  which,  in  turn,  cools  the  outer  edges  and  reduces  the  extent  of  the  plasma.  Specifically, 
the  thermal  conductivity  of  oxygen  at  8000  K  is  approx.  33%  higher  than  that  for  argon.” 
Consequently,  despite  the  slightly  higher  input  r.f.  power  for  the  present  case,  the  flowfield 
dimensions  parallel  and  perpendicular  to  the  direction  of  gas  flow  were  approx.  20  and  50  /o 
smaller,  respectively,  than  those  for  pure  argon  plasmas.'  ’  The  origin  of  the  coordinates  is  along 
the  torch  axis  at  the  top  of  the  induction  coil,  2  mm  below  the  nozzle  exit.' 

A  low-pressure  discharge,  which  contained  nominally  2  torr  of  oxygen  and  was  sustained  with 
80  W  net  electrical  power  from  a  microwave  generator,  provided  a  stable  source  of  excited  oxygen 
atoms  and  served  as  an  absolute  wavelength  reference  as  the  laser  wavelength  was  tuned  near  the 
probed  transition.  The  flat  ends  of  the  cylindrical  discharge  tube  were  oriented  at  a  non-90° 
angle  to  minimize  etalon  effects  and  specular  retroreflections. 
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Fig.  4.  Example  raw  data  set  which  consists  of  repeated  scans  as  the  laser  is  tuned  over  the  oxygen 
absorption  line  3.s^S5-->3/?^P3  (7772  A)  recorded  through  (top)  the  ICP  flowfield  (z  =  6  mm),  (center)  the 
positive  column  of  a  low-pressure  microwave  discharge,  (bottom)  the  fixed  (2.00-GHz)  etalon. 


DATA  ANALYSIS 

Figure  4  shows  a  set  of  single-sweep  data  traces  of  spectrally  resolved  transmission  profiles  of 
the  oxygen  transition  3s^Sl-y3p^Pi{1112  A)  simultaneously  recorded  through  the  ICP  and  the 
low-pressure  microwave  discharge,  and  through  the  fixed  etalon  over  a  2-msec  measurement 
interval.  Spectral  lineshapes  were  normalized  by  dividing  the  transmitted  signal  by  the  unattenuated 
incident  laser  intensity  and  subsequently  analyzed  by  standard  data-reduction  techniques.'  All 
measurements  were  recorded  through  paths  which  were  6  mm  above  the  induction  coil. 


Fig.  5.  Radial  population-temperature  distributions  for  the  oxygen  3s  ^5°  and  argon  levels  in  the 

ICP  (z  =  6  mm). 
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Fig.  6.  Kinetic  temperature  distributions  in  the  ICP  (z  =  6  mm)  determined  from  Voigt  fits  of  the  oxygen 
(7772  A)  and  argon  (8425  A)  absorption  lineshapes. 


Figure  5  compares  the  radial  population-temperature  distributions  for  the  probed  oxygen  (Sj’Sj) 
and  argon  (4j^P,)  levels  calculated  from  integrated  absorption  coefficients.  The  radial  variation  of 
integrated  absorption  coefficients  was  determined  by  performing  an  Abel-inversion  of  a  measured 
optical-depth  (product  of  the  integrated  absorption  coefficient  and  the  effective  pathlength  through 
the  flowfield)  lateral  distribution.'  Figures  6  and  7  show  comparisons  of  kinetic  temperature  and 
electron  number-density  values,  respectively,  recorded  over  a  set  of  paths  through  the  flowfield. 
Vertical  error  bars  were  determined  from  the  range  of  «e  and  T  values  which  could  be  calculated 
given  the  range  of  a  and  rvalues  which  result  from  a  combination  of  noise  within  individual  scans 
and  the  variation  in  the  mean  value  of  best-fit  parameters  observed  during  a  sequence  of  several 
scans  recorded  at  each  location.  The  excellent  agreement  between  the  measured  population  and 
kinetic  temperature  values  over  the  measured  flowfield  suggests  that  the  populations  in  the 
lower-state  energy  levels  for  the  probed  transitions  are  in  Boltzmann  equilibrium  with  the  ground 
state  at  the  kinetic  temperature. 

Electron  number-density  values  were  determined  from  the  Stark-broadening  component  of  the 
measured  oxygen  and  argon  lineshapes  after  subtracting  van  der  Waals  and  resonance  broadening 
contributions.  For  example,  the  total  Lorentzian  width  inferred  from  the  best-fit  Voigt  profile  for 
the  oxygen  absorption  lineshape  recorded  through  the  diameter  of  the  flowfield  [Fig.  8(a)]  was 
Avea2.71  GHz.  The  individual  contributions  to  the  total  Lorentzian  width  from  van  der  Waals 
and  Stark  broadening  mechanisms,  calculated  from  Eqs.  (5, 6)  and  the  appropriate  Stark 
parameters,  were  1.47  and  1.24  GHz,  respectively.  The  resonance  broadening  contribution  was 
negligible.  Similarly,  the  Lorentzian  width  inferred  from  the  best-fit  Voigt  profile  for  the  argon 
absorption  lineshape  recorded  through  the  same  region  [Fig.  8(b)]  was  Ave»  2.48  GHz.  The 
Stark-broadening  contribution  (Avs,ark «  1.41  GHz)  to  the  total  Lorentzian  width  was  determined 
after  subtracting  the  resonance  and  van  der  Waals  broadening  contributions  (Av„s «  0.77  GHz, 
Avvdw*  0.30  GHz). The  accuracy  in  the  determination  of  the  resonance  and  van  der  Waals 
broadening  contributions,  20-30%,  was  limited  by  the  uncertainties  in  broadening  theory, 
absorption  oscillator  strengths,’  and  the  kinetic  temperature.  As  a  result,  since  approx.  40%  of  the 
8425-A  Lorentzian  component  is  due  to  non-Stark  broadening  mechanisms,  a  30%  uncertainty 
corresponds  to  a  12%  uncertainty  in  the  value  of  inferred  from  a  lineshape  analysis.  Similarly, 
since  approx.  46%  of  the  oxygen  Lorentzian  component  is  due  to  non-Stark  broadening 
mechanisms,  a  30%  uncertainty  corresponds  to  a  14%  uncertainty  in  the  inferred  value.  The 
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analysis  implicitly  assumes  that  the  atomic  and  ionic  constituents  are  relatively  well  mixed  and  that 
the  mole  fractions  of  the  probed  species  remain  essentially  constant  throughout  the  measured 
region.  The  agreement  between  the  electron  number-density  distributions  inferred  from  each  of  the 
transitions  suggest  that  the  measuements,  theoretical  Stark  parameters,  and  respective  broadening 
calculations  are  mutually  consistent  and  that  demixing  effects  are  insignificant. 

The  accuracy  and  reliability  of  the  fit  procedure  was  assessed  by  measuring  the  relative  sensitivity 
to  independent  changes  in  the  Voigt-fit  parameters.  In  order  to  illustrate  the  accuracy  of  the  fitting 
procedure  and  verify  the  uniqueness  of  a  set  of  best-fit  Voigt  parameters  for  a  particular  measured 
lineshape,  values  of  A,  the  frequency-integrated  squared  difference  between  the  data  and  the  fit,' 
were  determined  for  appropriate  a  and  T  values  by  optimizing  a  for  each  value  of  T.  The  procedure 
was  repeated  over  a  range  of  temperatures  until  the  minimum  A  value,  A„i„,  which  corresponded 
to  the  best-fit  Voigt  parameters  was  determined.  Voigt-fit  sensitivity  analyses  for  each  of  the 
transitions  probed  were  determined  by  a  method  described  previously,'’^  where  %  variation  is 
defined  (A  —  An,jn)/A„jn  x  100%.  The  sets  of  a  and  T  values  which  yielded  a  A  value  5%  greater 
than  An,i„  (i.e.,  A/A„,i„  =  1.05)  were  used  to  describe  the  relative  accuracy  of  the  best-fit  parameters 
for  a  particular  lineshape. 

The  total  measurement  uncertainty,  the  vertical  error  bars  in  the  parameter  distributions 
(Figs.  5-7),  was  based  on  a  combination  of  the  uncertainty  in  Voigt-fit  parameters  for  a 
single  lineshape  and  the  mean  variation  of  plasma  parameters  over  several  successive  measurements 
at  a  particular  location.  For  example,  for  %  variation  =  5%,  the  measurement  uncertainties  in 
the  Voigt-fit  parameters  for  the  oxygen  absorption  line  where  Aa  «  ±  0.03  and  AT  »  +  280  K. 
Variations  in  and  T  values  from  scan  to  scan,  combined  with  the  uncertainty  associated 
with  a  particular  lineshape  yielded  a  total  measurement  uncertainty  of  A«e~  +0.3  x  lO'^cm^^ 
and  AT  «  +  400  K.  Similarly,  for  the  argon  absorption  line,  the  uncertainty  estimates  for  an 
individual  lineshape,  for  %  variation  =  5%,  were  Aa  w  +0.06  and  AT  x  +  300  K,  and  the 
corresponding  total  measurement  uncertainty  estimates  were  An^ «  +  0.3  x  lO'^cm'^  and 
ATx  ±  500  K. 

Figure  9  compares  the  measured  kinetic  and  population  temperature  distributions  with  the 
ionization  temperatures  calculated  from  measured  values  of  electron  number  density  and  Eq.  (10), 
and  assuming  all  species  are  in  translational  equilibrium.  Since  Stark  broadening  theory  is 
independent  of  LTE  considerations,*’’  the  significant  difference  between  and  the  kinetic 


distance  from  centerline  (mm) 

Fig.  7.  Electron  number  density  distributions  in  the  ICP  (z  =  6  mm)  determined  from  the  Stark- 
broadening  contribution  to  the  oxygen  (7772  A)  and  argon  (8425  A)  absorption  lineshapes. 
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Fig.  8.  Example  of  reduced  absorption  lineshapes  recorded  in  the  ICP  from  single  scans  of  the  (a)  oxygen 
3s^S^2^3p^Pj  and  (b)  argon  4s^P^^4p^D2  transitions.  The  residual  is  the  difference  between  the  data  and 

the  best-fit  Voigt  profile. 


temperature  (e.g.,  at  the  centerline,  Tj  -  7  «  740  K)  strongly  suggests  the  presence  of  a  suprather- 
mal  electron  number  density.  The  present  results  are  consistent  with  previous  absorption  and 
fluorescence  measurements  in  pure  argon  plasmas.'”^  The  elevated  electron  population  in  the  ICP 
is  probably  due  to  an  incomplete  equilibration  between  atoms  and  electrons  which  results  from 
the  relatively  slow  recombination  rate  compared  with  the  characteristic  flow  rate  to  the  observation 
region  and  the  relatively  inefficient  energy  transfer  process. 

Equilibrium  calculations  indicate  that  Oj  is  almost  totally  dissociated  at  the  temperatures 
encountered  (e.g.,  riojtio  <  0.003  for  T  >  6000  K)  and  thus  does  not  signiflcantly  contribute  to  the 
flowfleld  kinetics  in  the  probed  region.  Moreover,  since  the  oxygen  ion-electron  recombination  rate 
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is  not  appreciably  greater  than  that  for  argon,''’  the  effective  electron-ion  recombination  rate  in 
the  argon-oxygen  plasma  will  not  change  significantly  compared  with  the  pure  argon  case.  As  a 
result,  the  addition  of  12%  O2  to  the  pure  argon  flowfield  will  not  alter  the  recombining  nature 
of  the  plasma.  The  observation  of  an  elevated  electron  number  density  is  consistent  with  previous 
emission-based  measurements  in  argon-oxygen^  and  air  plasmas.'^ 

Figure  10  shows  a  reduced  oxygen  absorption  lineshape,  normalized  by  the  linecenter  value 
[where  k{vo)l  «  0.12,  /  «  4  cm)],  recorded  along  the  axis  of  the  low-pressure  microwave  discharge. 
The  Voigt  parameters  which  were  determined  from  a  best-fit  analysis  {a  =  0.02,  T  =  820  K)  suggest 
that  Doppler  broadening  is  the  predominant  broadening  mechanism  for  the  probed  transition.  The 
nominal  Lorentzian  width  which  corresponded  to  the  measured  a  parameter  was  47  MHz 
(a  «  0.02).  Hence,  for  the  given  discharge  conditions,  the  inferred  collision  width  (Av^  %  42  MHz), 
determined  after  accounting  for  natural  broadening,  was  presumably  due  to  collisional  interactions 
between  atomic  and  molecular  oxygen.  Since  nonradiative  collisional  interactions  which  induce  a 
finite  broadening  and  shift  are  often  correlated,*  the  relatively  insignificant  Lorentzian  width 
suggests  that  effects  which  induce  a  line  shift  are  small.  Thus  the  low-pressure  microwave  discharge 
provides  a  reliable  absolute  wavelength  reference  for  the  present  investigation.  Figure  1 1  shows  the 
reduced  absorption  profiles  of  the  atomic  oxygen  transition  recorded  simultaneously  through  the 
diameter  of  the  ICP  and  along  the  axis  of  the  low-pressure  discharge.  The  total  shift 
(A Vo  a  0.46  GHz)  was  determined  from  the  spectral  separation  between  Voigt  fits  through  each 
absorption  lineshape. 

As  demonstrated  previously  in  a  pure  argon  plasma,  a  value  for  the  electron  number  density  may 
be  inferred  from  an  accurate  measurement  of  the  Stark  shift  of  a  spectral  line.'''^’*’"’  For  the  oxygen 
transition  studied  here,  however,  the  contribution  to  the  total  shift  from  charged-particle  (Stark) 
interactions  was  difficult  to  ascertain  due  to  a  relatively  large  uncertainty  in  the  non-negligible  van 
der  Waals  contribution.  Although  Lorentzian  width  due  to  van  der  Waals  broadening  effects  may 
be  determined  from  Eq.  (5),  the  theoretical  relation  for  the  corresponding  shift  is  only  approxi¬ 
mate.*-'*  In  fact,  the  width-to-shift  ratio  is  extremely  transition-sensitive  and  can  vary  from  about 
2.8,  in  the  ideal  case  for  a  pure  van  der  Waals  interaction,  to  greater  than  5,  for  some  atomic 


Fig.  9.  Temperature  distributions  in  the  ICP  (z  =  6  mm)  determined  from  analyses  of  oxygen  absorption 
lineshapes  (3a^5'2-^3/7^/*3).  is  the  ionization  temperature  calculated  from  values  determined  from  a 
Stark-broadening  analysis  assuming  Saha  equilibrium.  T  is  the  kinetic  temperature  determined  from  the 
Gaussian  component  of  the  Voigt  lineshape.  is  the  population  temperature  determined  from  the 

frequency-integrated  lineshape. 
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Fig.  10.  Example  absorption  lineshape  of  the  oxygen  transition  3s^S2-^3p^P2  recorded  along  the  axis  of 
a  low-pressure  oxygen  (2-torr)  microwave  (2.45-GHz)  discharge  (net  input  power  SOW). 


transitions.'^  Nevertheless,  the  magnitude  of  the  van  der  Waals  contribution  to  the  total  shift  may 
be  estimated  from  the  difference  between  the  total  measured  shift  and  the  calculated  Stark  shift 
from  Eq.  (7)  and  and  T  values  inferred  from  lineshape  analyses.  For  example,  the  theoretical 
Stark-shift  contribution  to  the  measured  total  shift  (Avq  ~  0.46  GHz),  calculated  for  the  conditions 
present  in  Fig.  11  (ne  =  3.4x  10'^  cm  “3^  r  =  8300K)  from  Eq.  (7)  and  the  appropriate  Stark 


Fig.  11.  Reduced  absorption  lineshapes  and  best-fit  Voigt  profiles  of  the  oxygen  transition 

(7772  A)  recorded  simultaneously  through  the  ICP  (z  -  6  mm)  and  the  low-pressure  microwave  discharge 

reference  cell. 
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parameters^  is  0.26  GHz.  Consequently,  the  inferred  van  der  Waals  shift  is  0.20  GHz  and  the 
van  der  Waals  width/shift  ratio  for  the  oxygen  transition  is  is  approx.  7. 

The  Stark-shift  parameter  for  the  atomic  oxygen  multiplet  3p^P-^5d^D^  (5330  A),  which 
includes  the  upper  level  of  the  probed  oxygen  transition  (i.e.,  3p^P^),  has  been  estimated 
experimentally  from  emission  lineshapes  recorded  in  an  atmospheric-pressure  wall-stabilized  d.c. 
arc  and  shown  to  vary  from  the  theoretical  value  by  approx.  52%.  The  relatively  large  variation 
of  the  Stark-shift  parameter  for  the  5330-A  multiplet  may  be  due  to  unspecified  effects  involving 
the  probed  state  in  the  3p^P  manifold  which  are  not  adequately  included  in  the  theoretical  Stark 
calculations.  Thus,  since  the  Stark  shift  is  nearly  proportional  to  the  state-specific  shift  parameter 
in  Eq.  (7),  for  the  present  investigation,  the  uncertainty  in  the  calculated  Stark  shift  may  be  +  50% 
and  the  uncertainty  in  the  inferred  van  der  Waals  shift  and  in  the  corresponding  van  der  Waals 
width/shift  ratio  may  be  +  65%.  An  accurate  determination  of  the  individual  contributions  to  the 
total  shift  of  the  oxygen  line  from  the  various  collisional  interactions  requires  a  series  of 
independent  measurements  under  controlled  conditions  to  establish  the  sensitivity  of  the  shift  to 
variations  in  the  number  density  of  neutral  and  charged  species. 

CONCLUSIONS 

Semiconductor-laser  absorption  diagnostics  have  been  applied  to  atomic  oxygen  and  argon 
transitions  in  an  argon-oxygen  atmospheric-pressure  plasma  (12%  Oj/argon)  generated  by  a 
27-MHz  inductively  coupled  plasma  torch.  The  electron  number  density,  kinetic  temperature, 
ionization  temperature,  and  population  temperature  of  the  plasma  were  determined  from  analyses 
of  measured  spectrally  resolved  oxygen  3s^S\^3p^Py  (7772  A)  and  argon  As^P^^^Ap^Dj  (8425  A) 
absorption  lineshapes  which  were  recorded  6  mm  above  the  induction  coil.  The  measured  electron 
number-density  values  determined  from  both  transitions  are  in  excellent  agreement  throughout  the 
measured  region  and  thus  suggests  that  the  measurements  and  broadening  calculations  are 
consistent.  In  addition,  the  agreement  between  measured  values  of  kinetic  and  population 
temperature  suggests  that  the  lower  states  of  the  probed  transitions  are  in  Boltzmann  equilibrium 
with  the  ground  state  at  the  kinetic  temperature.  Finally,  a  comparison  of  the  measured  kinetic, 
population,  and  ionization  temperatures  illustrates  the  extent  of  the  suprathermal  electron  number 
density  throughout  the  measured  region.  Hence,  for  the  present  flowfield  conditions,  the  relation¬ 
ships  between  the  measured  temperature  distributions  may  be  expressed  T,>  T. 

The  presence  of  an  elevated  electron  number  density  in  the  argon-oxygen  flowfield  is  qualitat¬ 
ively  similar  to  the  case  of  pure  argon  atmospheric-pressure  plasma.  However,  in  contrast  with  the 
pure  argon  case,  the  difference  between  the  population  and  atomic  kinetic  temperatures  becomes 
insignificant  with  the  addition  of  12%  Oj  to  the  total  gas  flow. 

Atomic  oxygen  lineshapes  were  also  recorded  in  a  microwave  (2.45-GHz)  discharge  filled  with 
2  torr  of  oxygen  and  sustained  with  a  net  input  power  of  80  W.  The  atomic  kinetic  temperature 
inferred  from  the  predominantly  Doppler-broadened  profile  was  820  K. 

Measurements  of  atomic  oxygen  absorption  lineshapes  simultaneously  recorded  through  the 
atmospheric-pressure  plasma  and  the  low-pressure  discharge  allowed  an  accurate  determination  of 
the  net  shift  of  the  probed  transition  in  the  plasma.  An  approximate  value  of  the  van  der  Waals 
shift  and  width-to-shift  ratio  for  the  probed  oxygen  transition  was  inferred  from  the  difference 
between  the  net  shift  and  the  calculated  Stark-shift  contribution  determined  from  measured 
electron  number-density  and  kinetic  temperature  values,  tabulated  state-specific  parameters,  and 
the  theoretical  Stark-shift  relation.  The  techniques  and  results  presented  illustrate  the  effectiveness 
of  semiconductor  laser  absorption  diagnostics  for  the  determination  of  state  parameters  for  the 
important  cases  of  mixed-gas  plasmas  and  flowfields  containing  atomic  oxygen. 
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Diode-laser  absorption  technique  for 
simultaneous  measurements  of  multiple 
gasdynamic  parameters  in  high-speed  flows 
containing  water  vapor 


M.  P.  Arroyo,  S.  Langlois,  and  R.  K.  Hanson 


A  distributed-feedback  InGaAsP  diode  laser,  emitting  near  1.38  jxm,  was  used  to  acquire  spectrally 
resolved  absorption  profiles  of  H2O  lines  in  the  vi  +  V3  band  at  a  repetition  rate  of  10  kHz.  The  profiles 
were  used  for  simultaneous  measurements  of  flow  parameters  in  high-speed,  one-dimensional  (l-D) 
transient  flows  generated  in  a  shock  tube.  Velocity  was  determined  from  the  Doppler  shift,  which  was 
measured  with  a  pair  of  profiles  simultaneously  acquired  at  different  angles  with  respect  to  the  flow 
direction.  Temperature  was  determined  from  the  intensity  ratio  of  two  adjacent  lines.  Pressure  and 
density  were  found  from  the  fractional  absorption.  From  these  primary  gasdynamic  variables,  the  mass 
and  momentum  fluxes  were  determined.  Experiments  were  conducted  with  three  different  gas  mixtures 
in  the  shock  tube:  pure  H2O  at  initial  pressures  lower  than  3  Torr,  up  to  6%  of  H2O  in  O2  at  initial 
pressures  below  120  Torr,  and  up  to  8%  of  H2  in  O2  at  initial  pressures  below  35  Torr.  In  the  third  case, 
pyrolysis  of  H2/O2  behind  incident  shocks  produced  known  yields  of  H2O.  With  all  three  mixtures, 
results  compare  well  with  l-D  shock  calculations.  This  H2O  diagnostic  strategy  shows  promise  for 
applications  in  both  ground  and  flight  testing. 

Key  words:  Velocimetry,  flow,  temperature,  water  vapor,  diode  laser,  spectroscopy,  mass  flux, 
momentum  flux. 


Introduction 

Renewed  interest  in  supersonic  combustion  and  hyper¬ 
sonic  flows  has  increased  the  need  for  nonintrusive 
optical  diagnostics  for  measuring  flow  parameters  in 
high-speed  gases.  High-resolution  spectroscopy  tech¬ 
niques  have  recently  been  developed  to  provide  fast, 
sensitive,  and  nonintrusive  means  of  measuring  mul¬ 
tiple  quantities  such  as  temperature,  pressure,  veloc¬ 
ity,  and  density.  In  these  methods  one  of  the 
species  that  is  present  in  the  flow  is  monitored  by 
spectrally  resolved  absorption  spectroscopy.  The  spe¬ 
cies  H2O  is  of  special  interest  because  it  naturally 
occurs  in  flows  involving  air,  and  it  is  also  a  primary 
combustion  product.  Furthermore,  measurements 
of  water  vapor  are  generally  relevant  to  combustion, 
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propulsion,  and  aerodynamic  facilities,  because  water 
vapor  can  be  related  to  performance  parameters  such 
as  extent  and  efficiency  of  combustion,  propulsion 
efficiency,  and  heat  release. 

The  use  of  tunable  semiconductor  diode  lasers  for 
application  of  this  spectroscopic  technique  is  attrac¬ 
tive  as  these  lasers  are  compact,  rugged,  cost  effective, 
compatible  with  optical  fiber  transmission,  and  simple 
to  operate.  These  lasers  are  narrow-line  width  light 
sources  whose  wavelength  can  be  tuned  easily  by 
changing  the  laser  temperature  and  injection  current. 
The  fact  that  the  laser  diodes  may  be  tuned  over  a 
range  of  wavelengths  by  var3dng  the  injection  current 
is  of  special  interest  in  high-speed  flows,  because  fast 
tuning  rates  are  obtained,  and  hence  measurements 
at  high  temporal  resolution  can  be  made.  Water 
vapor  has  many  absorption  bands  in  the  emission 
wavelength  range  of  these  lasers  (between  0,7  and 
1.6  |jLm).  The  strongest  absorption  lines  occur  be¬ 
tween  1,34  and  1.46  ixm.  In  earlier  papers^’^  we 
demonstrated  the  application  of  such  a  spectroscopy 
technique  by  using  a  diode  laser  emitting  near  1.38 
|jLm  to  measure  simultaneously  the  concentration  and 
temperature  of  the  water  vapor  present  in  the  labora- 
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tory  room  air  and  in  the  postflame  gases  above  a 
methane-air  flat  flame  burner,  both  at  atmospheric 
pressure.  The  laser  tuning  rate  in  these  initial 
experiments  was  only  80  Hz,  because  the  gas  veloci¬ 
ties  were  low.  Here  we  present  the  extension  of  this 
technique  to  transient  high-velocity  and  high-tempera¬ 
ture  flows,  which  requires  an  extension  of  the  tuning 
rate  to  5  kHz  (measurement  repetition  rate  of  10 
kHz),  and  to  a  wider  range  of  flow  parameters, 
including  pressure,  density,  mass  flux,  and  momen¬ 
tum  flux  (related  to  thrust). 

Measurement  Technique 

The  measurement  technique  is  based  on  spectrally 
resolved  absorption  of  water  vapor  and  uses  a  tunable 
near-infrared  laser  source;  an  earlier  description  of 
the  method  is  given  in  Ref.  4. 

The  strategy  for  measuring  the  temperature  of  the 
gas  is  based  on  the  ratio  of  two  absorption  line 
intensities,  which  is  given  by^ 

R  =  5(7^0,  v,)/S{To,  V2) 

X  exp[-{hc/kW{  -  El){l/T  -  1/To)],  (D 

where  S{Toj  v)  is  the  line  intensity  of  the  transition 
centered  at  v  (in  inverse  centimeters  squared  per 
inverse  atmosphere),  for  a  certain  reference  tempera¬ 
ture  Tq,  with  vi  and  V2  referring  to  the  two  lines;  h  is 
Planck’s  constant  (in  erg  seconds);  k  is  Boltzmann’s 
constant  (in  ergs  per  kelvin);  c  is  the  speed  of  light  (in 
centimeters  per  second);  E*'  (in  inverse  centimeters)  is 
the  energy  of  the  lower  state  of  the  transition,  and  T 
(in  degrees  Kelvin)  is  the  gas  temperature  to  be 
measured. 

Thus,  for  a  given  pair  of  lines,  the  intensity  ratio  is 
a  function  of  temperature  only.  In  practice,  it  is 
convenient  to  select  line  1  as  the  weaker  of  the  two,  so 
as  to  keep  the  intensity  ratio  between  0  and  1.^  The 
sensitivity  of  this  ratio  to  temperature  can  be  ob¬ 
tained  by  differentiating  Eq.  (1): 

dR/dT  =  {hc/k){El  -  E'i)RlT^.  (2) 

This  quantity  is  of  interest  in  selecting  line  pairs  with 
suitable  sensitivity  for  temperature  determination. 

The  partial  pressure  of  water  vapor,  can  be 
obtained  from  the  Beer-Lambert  relation^  if  the 
temperature,  line  intensity,  and  path  length  are 
known.  If  the  mole  fraction  of  water  vapor,  X,  is  also 
known  we  can  obtain  the  total  pressure,  P,  because 

P  =  P,b3/X  (3) 

The  total  pressure  can  be  alternatively  inferred  from 
the  collision  width  of  the  absorption  profile  if  suffi¬ 
cient  information  about  its  dependence  with  pressure 
and  temperature  is  available.  In  that  case  the  mole 
fraction  can  be  inferred  from  Eq.  (3). 

The  strategy  to  measure  velocity  usually  consists  of 
simultaneously  recording  the  absorption  profiles 
through  two  directions  at  different  angles  with  the 
flow  velocity,  with  one  direction  chosen  to  be  orthogo¬ 


nal  to  the  expected  flow  direction.  The  profiles  will 
be  shifted  in  frequency,  because  of  collision-induced 
shifts,  which  affect  both  profiles  equally,  and  because 
of  the  Doppler  effect,  by  an  amount  given  by 

COS  (4) 

where  vq  is  the  line-center  frequency,  V"  is  the  flow 
velocity,  and  (f>  is  the  angle  between  the  flow  and  the 
laser  beam  directions.  The  difference  between  the 
peaks  of  the  two  profiles  is  used  to  infer  the  velocity. 

The  density  p  can  be  obtained  from  the  measured 
pressure  and  temperature  through 

p  =  P/(TP/M),  (5) 

where  P/M  is  the  specific  gas  constant.  Finally,  the 
mass  flux  m  and  momentum  flux  mV,  which  are  of 
critical  interest  in  many  practical  applications,  can  be 
determined  from  the  measured  density  and  velocity; 
i.e., 

in  =  pV,  mV  -  pV\  (6) 

Selection  of  Line  Intensity  Pairs 

Although  the  Voigt  profile  itself  can  be  resolved  to 
determine  both  temperature  and  pressure,  the  use  of 
a  pair  of  lines  with  a  temperature-dependent  inten¬ 
sity  ratio  offers  the  potential  for  increased  sensitivity 
to  temperature.  The  two  lines  should  have  similar 
enough  absorption  coeflftcients  that  both  lines  are 
well  resolved,  with  sufficiently  different  energy  E"  to 
yield  an  intensity  ratio  that  is  sensitive  to  temperature. 
The  lines  should  be  close  enough  in  frequency  to  be 
covered  in  a  single  laser  scan  but  separated  enough  to 
be  isolated  one  from  the  other.  If  the  lines  are  too 
close,  the  broadening  blurs  the  lines  into  a  single 
feature,  making  it  difficult  to  unambiguously  deter¬ 
mine  the  individual  line  intensities. 

In  the  present  experiments,  a  distributed-feedback 
InGaAsP  diode  laser  from  Anritsu  Corporation  was 
used  as  a  source  of  monochromatic  radiation.'* 
Given  that  the  maximum  range  of  tuning  of  this  laser 
is  approximately  25  GHz,  when  its  driving  current  is 
modulated  at  5  kHz,  the  optimal  separation  of  the 
lines  is  between  3  and  7  GHz.  Previously, we 
showed  that  there  are  only  a  few  line  pairs  (440 
441  +  441  ^  440  and  642  ^  643  +  3i3  ^  3i2,  using  a  J^akc 
notation)  with  spacing  near  the  optimum  in  the 
limited  range  of  wavelength  available  with  our  diode 
laser.  The  440  ^  441  +  441  ^  440  pair  is  not  good  for 
thermometry  because  both  transitions  have  the  same 
energy  E\  and  so  we  have  used  for  the  present 
experiments  the  line  pair  642  ^  643  +  813  ^  3i2.  Line 
positions  have  been  taken  from  Ref.  6  that  also  agree 
with  Ref.  7;  line  intensities  have  been  taken  from  our 
previous  paper^;  lower  state  energies  have  been  taken 
from  the  HITRAN  data  base,^  and  broadening  param¬ 
eters  have  been  calculated  following  the  theoretical 
research  of  Delaye.^  The  line  pair  is  centered  around 
7212.9  cm"*  and  has  a  spacing  of  2  GHz.  Because 
this  spacing  is  smaller  than  optimum,  some  blending 
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of  the  lines  occurs.  This  will  limit  the  accuracy  of 
the  temperature  and  collision-broadening  measure¬ 
ments.  The  intensity  ratio  for  this  line  pair  and  its 
sensitivity  to  temperature  as  a  function  of  tempera¬ 
ture  are  plotted  in  Fig.  1.  It  can  be  seen  that  the 
sensitivity  of  this  line  pair  is  maximum  at  around  400 
K.  At  higher  temperatures,  the  sensitivity  decreases 
quite  quickly  to  less  than  10~^  above  1350  K.  If  i?  is 
determined  within  0.01,  the  accuracy  in  the  tempera¬ 
ture  measurements  will  be  better  than  100  K  only  for 
temperatures  below  1350  K;  however,  at  400  K,  a 
measurement  error  in  R  of  0.01  corresponds  to  an 
error  of  1.8  K  in  temperature. 

The  line  pair  was  accessed  by  operating  the  laser  at 
a  temperature  of  46  and  with  a  mean  driving 
current  of  80  mA.  A  triangular  modulation  of  35  mA 
amplitude  at  5  kHz  frequency  superposed  on  the 
mean  current  produced  a  tuning  range  of  22  GHz. 
The  measurement  rate  is  twice  the  modulation  fre¬ 
quency,  or  10  kHz,  because  data  are  obtained  from 
both  scan  directions. 


Shock  Tube 

Flow  fields  in  this  experiment  were  generated  behind 
pressure-driven  incident  shocks  passing  through  a 
shock  tube.  The  shock  tube  has  a  6-m-long,  14.3-cm- 
diameter  driven  section  and  a  2-m-long,  5-cm- 
diameter  driver  section  that  expands  smoothly  to  the 
full  driven  tube  diameter  immediately  after  the  dia¬ 
phragm  station.  The  test  section  is  located  45  cm 
from  the  end  wall;  it  is  bounded  by  two  sets  of 
windows  permitting  optical  access  to  the  flow  at  90° 
and  60°  of  incidence,  respectively.  Three  types  of  gas 
mixtures  were  used  to  fill  the  driven  section:  pure 
H2O,  H2O  with  O2,  and  H2  with  O2.  Shocks  were 
produced  using  high-pressure  helium  to  burst  polycar¬ 
bonate  diaphragms  into  the  gas  mixtures  at  296  K. 
Two  different  diaphragm  thicknesses  (1  or  0.25  mm) 
were  used  to  increase  the  range  of  postshock  condi¬ 
tions  obtained  (see  Table  1). 

The  shock  speed  was  measured  with  a  series  of 
thin-film  gauges  regularly  spaced  on  the  shock-tube 
walls.  With  the  additional  knowledge  of  the  initial 
pressure  Pi  of  the  mixture  in  the  driven  section,  one 
can  predict  the  gas  conditions  of  pressure  P2,  tempera- 


Fig.  1.  Intensity  ratio  and  its  sensitivity  to  temperature  versus 
temperature  for  the  line  pair  643  642,  3i3  ^  812  (v  ~  7212.9 

cm"^).  The  intensity  ratio  is  defined  so  that  it  is  always  less  than 
unity. 


Table  1 .  Range  of  Initial  Conditions,  Postshock  Gas  Conditions,  and 
Absorption  Levels  in  the  Incident  Shock  Experiments 


Gas 

Mixture 

Initial 

Postshock  Conditions 

Absorp¬ 

tion 

Level 

{%) 

Pressure 

(Torr) 

T(K) 

P  (atm) 

V’(m/s) 

H2O 

1-3 

950-1200 

0.02-0.08 

1350-1700 

10-30 

H2O/O2 

10-100 

460-950 

0.1-0.5 

300-900 

5-15 

(0.25-mm- 

thickdia.) 

H2O/O2 

20-120 

600-1100 

0.4-1.1 

550-1100 

7-25 

(1.0-mm- 

thickdia.) 

H2/O2 

15-30 

950-1250“ 

0.4-0.7 

950-1200 

3-6 

“Without  pyrolysis. 


ture  T2,  and  velocity  V  behind  the  incident  shock  by 
the  use  of  the  Rankine-Hugoniot  relations .  A  code 
similar  to  that  described  by  Gardiner  et  al.  was  used 
for  the  calculation.  In  the  case  of  the  H2/O2  mix¬ 
tures,  the  mole  fraction  and  temperature  of  the  H2O 
produced  by  combustion  were  calculated  with  the 
reaction  mechanism  described  in  Ref.  12  using  the 
Chemkin  computer  codes and  the  Sandia  National 
Laboratories  thermodynamic  data  base.^"^  The  post¬ 
shock  temperatures  and  pressures  calculated  from 
the  one-dimensional  (1-D)  shock  theory  (see  Table  1) 
were  used  as  the  initial  conditions  in  the  Chemkin 
calculations.  These  calculations  indicated  an  in¬ 
crease  of  approximately  500  K  in  the  temperature  of 
the  gas,  because  of  the  reaction,  with  a  maximum 
mole  fraction  of  8.3%  of  H2O  being  produced  approxi¬ 
mately  200  [Jis  after  passage  of  the  shock  wave,  for 
mixtures  of  8.1%  H2  in  O2.  Pressure  was  monitored 
independently  with  a  fast  piezoelectric  transducer  for 
verification  of  postshock  conditions  determined  by 
normal  shock  calculations. 

The  absorption  levels  obtained  in  the  incident 
shock  zone  for  the  present  experiments  (see  Table  1) 
range  from  10%  to  30%  for  the  pure  water  vapor 
shocks,  from  5%  to  25%  for  the  shocks  in  mixtures  of 
1-6%  of  H2O  in  O2,  and  from  3%  to  6%  for  the  H2/ O2 
shocks. 

Experimental  Procedure 

The  experimental  arrangement  used  for  the  direct 
absorption  detection  is  shown  in  Fig.  2.  The  colli¬ 
mated  diode-laser  output  was  split  into  four  compo¬ 
nents:  the  first  component  passed  through  a  low- 
finesse  solid  etalon  (free  spectral  range,  2.00  GHz) 
and  onto  detector  2  to  provide  a  calibration  of  the 
actual  rate  of  wavelength  tuning,  the  second  compo¬ 
nent  passed  directly  onto  detector  1  to  record  the 
incident  laser  intensity  as  a  function  of  time  (/q)?  the 
third  component  passed  through  the  shock  tube  at 
90°  and  onto  detector  4  to  provide  the  perpendicular 
transmission  signal  (/go),  and  the  fourth  component 
passed  through  the  shock  tube  at  60°  and  onto 
detector  3  to  provide  the  oblique  transmission  signal 
{Iqq).  The  last  three  beams  were  roughly  balanced  by 
varying  the  beam-splitter  angles.  The  fine  balance 
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Fig.  2.  Experimental  schematic.  High-temperature,  high-speed 
gases  are  produced  in  a  shock  tube.  The  diode-laser  output  is 
parsed  through  the  shock  tube  at  90°  and  60°  angles  relative  to  the 
flow.  The  laser  is  tuned  over  an  absorption  feature  at  a  rate  of  10 
kHz,  and  spectral  profiles  are  recorded  in  absorption. 

was  done  electronically  by  varying  the  gain  of  the 
amplifying  circuits  of  detectors  3  and  4.  Laser, 
detectors,  and  optics  were  enclosed  in  a  nitrogen- 
purged  area  to  prevent  absorption  by  room  air. 
Furthermore,  the  path  length  in  room  air  for  all  the 
detectors  was  matched  to  minimize  errors  resulting 
from  any  residual  absorption  in  the  purged  area. 
The  two  absorption  signals  (A/90  ~  h-  ho  and  A/go  = 
h  ~  ho),  the  incident  signal  (/q),  and  the  signal  from 
the  etalon  were  recorded  with  digital  oscilloscopes 
sampling  at  0.5  fxs/point.  The  detectors  used  were 
germanium  photodiodes  (EG&G  J16-18A-R01M-HS) 
mounted  in  amplifier-filter  packages  giving  a  low- 
pass  cutoff  frequency  (-3  dB)  of  1  MHz. 

The  oscilloscopes  were  triggered  by  the  passage  of 
the  shock  upstream  of  the  optical  ports  by  the  use  of  a 
thin-film  gauge.  The  oscilloscopes  were  triggered 
shortly  before  (0.5  to  1  ms)  the  shock  wave  reached 
the  test  section  and  continued  for  4  ms  until  their 
memory  was  full.  Thus  40  absorption  profiles  were 
accumulated  for  each  of  the  four  signals.  During  the 
recording,  the  laser  beams  saw  three  consecutive 
stages  of  the  flow:  (1)  room-temperature  gas  at 
initial  pressure  Pi,  (2)  gas  accelerated  to  V behind  the 
incident  shock  at  P2  and  T2  because  of  the  incident 
shock,  and  (3)  gas  further  heated  and  compressed  to 
P5  and  T5  because  of  the  reflection  of  the  shock  at  the 
end  wall  of  the  shock  tube.  The  duration  of  the 
second  period  was  between  0.3  and  2.1  ms,  depending 
on  the  shock  speed. 

Sample  Data 

Sample  data  showing  four  repeated  scans  of  the  line 
intensity  pair  during  a  shock-tube  experiment  are 
shown  in  Fig.  3.  Figure  3  shows  a  window  of  400  ijls 
extracted  from  the  total  4-ms  recording;  the  window 


Fig.  3.  Experimental  absorption  traces  in  the  flow  generated 
behind  an  incident  shock  in  the  shock  tube.  The  shock  wave 
reached  the  test  section  at  1.1  ms.  Note  on  the  middle  trace  the 
difference  of  the  line-center  positions  for  the  absorption  scans 
acquired  at  90°  and  60°  to  the  flow  direction.  Calculated  post- 
shock  conditions:  T  =  598  K,  P  =  0.317  atm,  =  571  m/s, 
5.9%  H2O  in  O2.  Diaphragm  thickness,  0.25  mm. 

corresponds  to  a  shock  produced  by  bursting  a  0.25- 
mm- thick  diaphragm  into  a  mixture  of  5.9%  H2O  in 
O2  at  a  pressure  of  35  Torr.  The  shock  wave  reached 
the  test  section  1.1  ms  after  the  oscilloscopes  were 
triggered.  The  top  curve  shows  the  laser  intensity 
reference  signal  Iq;  the  middle  curves  show  both 
absorption  signals,  Aho  and  A/90;  and  the  bottom 
curve  shows  the  etalon  trace.  Variations  in  h  are 
due  to  the  dependence  of  the  power  output  of  the 
diode  laser  with  the  injection  current.  There  is  an 
apparent  lack  of  symmetry  between  the  ramp  up  and 
the  ramp  down  on  the  etalon  trace,  which  is  another 
typical  characteristic  of  the  diode  laser.  This  implies 
a  discrepancy  in  the  maximum  value  of  the  absorp¬ 
tion  signals  between  the  ramp  up  and  the  ramp  down 
of  the  tuning,  because  the  reference  intensity  for  a 
certain  wavelength  is  different  in  both  ramps.  The 
two  lines  of  the  line  intensity  pair  are  not  fully 
isolated  because  of  the  small  spacing  between  them, 
as  we  have  remarked  above.  The  ordering  of  the  two 
lines  can  be  seen  to  alternate  as  the  laser  wavelength 
is  tuned  back  and  forth  in  time.  Because  both 
absorption  signals  were  obtained  with  the  same  flow 
conditions  of  temperature  and  pressure,  the  fre- 
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quency  shift  Avg  apparent  in  the  traces  is  due  solely  to 
the  Doppler  effect. 

Figure  4  shows  a  reduced  pair  of  experimental 
profiles  corresponding  to  the  absorption  features  at 
1.38  ms.  The  quantity  plotted  in  the  absorbance, 
“ln(l  -  A7/7o),  normalized  to  unity  at  the  larger 
peak.  The  time  base  has  been  converted  to  relative 
frequency  by  using  the  information  in  the  etalon 
trace. ^  The  location  corresponding  to  zero  fre¬ 
quency  is  set  near  the  peak  of  the  larger  of  the  lines  of 
the  perpendicular  (90°)  data,  and  the  identical  zero  is 
used  for  the  oblique  profile. 

The  experimental  profiles  (of  normalized  absor¬ 
bance)  are  best  fit  using  Voigt  profiles,  with  the  ratio 
of  line  intensities  as  an  additional  variable;  the 
temperature  dependence  of  this  intensity  ratio  is 
given  in  Eq.  (1).  The  separation  of  the  lines  is  also 
determined  from  fits  to  the  data.  The  fitting  proce¬ 
dure  minimizes  the  integrated  squared  difference 
between  the  experimental  profile  and  a  calculated 
profile  with  the  same  area.  The  fit  is  first  optimized 
with  respect  to  the  shift  in  frequency  of  each  profile 
from  zero,  using  an  assumed  temperature  and  a  given 
Voigt  a  parameter.  The  fit  is  then  optimized  with 
respect  to  temperature  (through  the  intensity  ratio) 
with  the  best-fit  Voigt  a  parameter  determined  at 
each  temperature.  Once  the  best-fit  a  parameter 
and  temperature  are  determined,  the  fit  of  the  shift  is 
reoptimized.  If  there  is  appreciable  change  in  this  fit 
the  iteration  procedure  is  repeated. 

Because  the  perpendicular  beam  experiences  no 
Doppler  shift,  the  velocity  is  determined  from  the 
relative  shift  between  the  90°  and  60°  profiles,  Av^, 
using  Eq.  (4)  in  the  form 

y(m/s)  =  2765Av,(GHz).  (7) 

Because  both  profiles  are  acquired  at  the  same  gas 
conditions,  the  effects  of  any  collision-induced  line 


relative  frequency  (GHz) 

Fig.  4.  Pair  of  reduced  profiles  from  the  data  of  Fig.  3,  correspond¬ 
ing  to  the  absorption  features  at  1.38  ms.  The  line  shapes  are 
-ln(l  -  A///o),  normalized  to  unity  at  the  line  center.  The  3i3 
3i2  line  is  located  -2.04  GHz  from  the  larger  643  642  line  (v  = 

7212.950  cm“^).  A  third  line,  much  weaker  than  the  other  two 
lines  and  centered  at  -6.5  GHz  from  the  643  ^  642  line,  is  also 
apparent  in  the  reduced  profiles.  The  inferred  gas  velocity, 
temperatures,  and  pressures  are  597  m/s,  588  K  (60°),  580  K  (90°), 
0.332  atm  (60°),  and  0.328  atm  (90°),  respectively. 


shift  of  the  profiles  automatically  cancel  in  the  subtrac¬ 
tion.  Temperature  is  determined  from  the  intensity 
ratio  that  gives  the  best  fit.  The  pressure  is  obtained 
using  the  value  of  -ln(l  -  A7/7o)  measured  at  the 
larger  peak,  the  line  intensity  at  the  measured  tem¬ 
perature,  the  known  mole  fraction,  and  the  measured 
Voigt  a  parameters. 

At  present,  pressure  has  not  been  determined  from 
the  measured  temperature  and  Voigt  a  parameters 
because  of  the  lack  of  reliable  information  about  the 
temperature  dependence  of  pressure-broadening  coef¬ 
ficients.  We  have  seen  discrepancies  as  high  as  30% 
between  the  Voigt  a  parameters  that  were  experimen¬ 
tally  found  over  the  range  of  postshock  conditions 
studied  here  and  the  values  expected  from  theoretical 
calculations®  at  our  shock  conditions.  Because  the 
agreement  at  the  initial  conditions  is  much  better, 
this  suggests  that  more  reliable  information  on  tem¬ 
perature  dependence  of  collision  broadening  for  this 
line  pair  of  water  vapor  is  needed.  Note,  however, 
that  this  uncertainty  in  the  pressure-broadening 
temperature  dependence  does  not  affect  the  measure¬ 
ment  of  temperature  because  the  intensity  ratio  is 
related  not  to  the  broadening  of  the  line  but  to  the 
integrated  area  under  the  line. 

In  Fig.  4  the  shift  between  the  two  profiles  is  0.216 
GHz;  the  intensity  ratios  are  0.49  and  0.50  for  the 
oblique  and  the  perpendicular  profiles,  respectively; 
and  the  Voigt  a  parameters  for  the  two  primary  lines 
are  0.593,  0.819  and  0.583,  0.818,  respectively  (see 
Table  2).  The  shift  corresponds  to  an  axial  velocity 
of  597  m/s,  and  the  intensity  ratios  correspond  to 
temperatures  of  588  and  580  K.  The  0.154  and 
0.133  peak  absorbances  (14.3%  and  12.5%  absorp¬ 
tion,  respectively)  of  the  same  data  give  pressures  of 
0.332  and  0.328  atm,  respectively.  These  values 
compare  reasonably  with  the  calculated  conditions  of 
571  m/s,  598  K,  and  0.317  atm. 

Figure  5  shows  additional  examples  of  pairs  of 
reduced  profiles  for  each  of  the  three  types  of  shock 
studied.  The  calculated  conditions  (P,  T,  V)  and  the 
measured  parameters  from  each  profile  (together 
with  the  P,  T,  V  values  inferred  from  them)  are  listed 
in  Table  2.  Figure  5(a)  corresponds  to  a  shock 
produced  by  bursting  a  1.0-mm-thick  diaphragm  into 
a  mixture  of  3%  of  H2O  in  O2  at  a  pressure  of  115 
Torr.  This  shock  has  a  temperature  and  velocity 
similar  to  the  example  in  Fig.  4  but  with  a  pressure 
more  than  3  times  greater.  This  is  reflected  in  the 
broadening  of  the  lines,  which  is  remarkably  larger  in 
Fig.  5(a)  than  in  Fig.  4,  making  the  lines  less  isolated. 
As  we  stated  above,  this  inhibits  separation  of  the 
effects  of  intensity  ratio  and  collision  broadening, 
which  explains  the  high  intensity  ratio  obtained  from 
the  perpendicular  profile.  The  Voigt  a  parameters 
are  approximately  15%  smaller  than  the  values  we 
would  expect  if  the  only  difference  between  both 
shocks  was  the  pressure.  This  result  can  be  ex¬ 
plained  by  the  fact  that  there  is  also  a  difference  in  the 
mole  fraction  of  water  vapor,  and  the  self-broadening 
of  water  vapor  is  large.  Considering  that  there  is 
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Table  2.  Calculated  Conditions  {P,  T,  V)  and  Measured  Parameters  for  the  Profiles  Shown  in  Figs.  4  and  5 


Parameter 

Fig.  4 

Fig.  5(a) 

Fig.  5(b) 

Fig.  5(c) 

Cal¬ 

culated 

Measured 

Cal¬ 

culated 

Measured 

Cal¬ 

culated 

Measured 

Cal¬ 

culated 

Measured 

Oblique 

Perpen¬ 

dicular 

Oblique 

Perpen¬ 

dicular 

Oblique 

Perpen¬ 

dicular 

Oblique 

Perpen¬ 

dicular 

Av,  (GHz) 

0.216 

0.212 

0.554 

0.411 

V{m/s) 

571 

597 

564 

586 

1429 

1532 

1193 

1136 

R 

0.49 

0.50 

0.49 

0.54 

0.260 

0.266 

— 

— 

ai 

0.593 

0.583 

1.677 

1.676 

0.177 

0.188 

0.208 

0.216 

a2 

0.819 

0.818 

2.496 

2.450 

0.186 

0.224 

0.199 

0.140 

Peak  absorbance 

0.154 

0.133 

0.135 

0.116 

0.137 

0.118 

0.039 

0.032 

P  (atm) 

0.317 

0.332 

0.328 

1.030 

1.018 

1.005 

0.026 

0.031 

0.031 

0.440 

0.454 

0.443 

T{K) 

598 

588 

580 

597 

588 

551 

1005 

1070 

1040 

1700 

— 

— 

approximately  a  4%  decrease  in  the  broadening  coeffi¬ 
cient  per  each  1%  decrease  in  the  mole  fraction  of 
water  vapor  at  the  conditions  of  our  shocks,  the  Voigt 
a  parameters  match  to  better  than  2%  in  both 
examples. 

Figure  5(b)  corresponds  to  a  shock  produced  in  pure 
water  vapor  at  a  pressure  of  1  Torr.  The  calculated 
conditions  in  this  instance  are  smaller  than  the 
measured  values.  Much  better  agreement  is  found  if 
the  shock  speed  used  in  the  1-D  calculations  is 
approximately  5%  bigger  than  the  value  inferred  from 
the  tin-film  gauges.  This  result  may  be  explained  by 
the  fact  that  the  shock  was  accelerating  en  route  to 
our  observation  port,  and  the  last  thin-film  sensor 
used  in  measuring  shock  speed  was  0.6  m  upstream. 

Figure  5(c)  corresponds  to  a  shock  produced  in  a 
mixture  of  8.1%  of  H2  in  O2  at  a  pressure  of  15  Torr. 
The  postshock  calculated  conditions  in  this  instance 
are  1193  m/s,  1235  K,  and  0.440  atm.  Pyrolysis  of 
H2/O2  increases  the  temperature  to  1700  K  and 
produces  8%  of  H2O.  No  temperature  measurement 
has  been  inferred  from  the  intensity  ratio,  because 
this  ratio  is  too  insensitive  to  temperature  in  this 
case.  The  theoretical  temperature  has  been  used  in 
the  fitting  of  the  experimental  profiles. 

In  all  the  reduced  profiles,  there  is  a  third  line 
centered  at  -6.5  GHz  from  the  643  ^  642  line  whose 
intensity  increases  with  temperature.  From  the  tem¬ 
perature  dependence  of  the  line  intensity  we  have 
estimated  that  E”  ^  2500  cm“^  and  S(296  K)  —  8  x 
10"®  cm" 2  atm"b  However,  we  could  not  identify 
this  line  with  any  of  the  lines  reported  in  the  litera¬ 
ture. 

Results  and  Discussion 

The  evolution  of  temperature,  pressure,  and  velocity 
can  be  followed  during  the  experiment  shown  in  Fig, 
3  by  reducing  the  40  individual  absorption  profiles. 
The  results  are  presented  in  Fig.  6 .  Average  tempera¬ 
tures  of  295  and  601  K  in  the  first  two  stages  of  the 
flow  (initial  and  incident  shock  conditions,  respec¬ 
tively)  are  very  close  to  the  measured  room  tempera¬ 
ture  of  296  K  and  the  598  K  predicted  by  theory. 
The  accuracy  of  the  measured  temperature  in  the 
first  stage  is  2  K,  corresponding  to  a  ±0.01  variation 


in  the  intensity  ratio.  In  the  second  stage,  the 
intensity  ratio  can  be  measured  with  a  smaller  accu¬ 
racy  (±0.02)  because  of  the  overlapping  of  the  two 
line  shapes,  giving  an  error  in  the  temperature  mea¬ 
surements  of  ±18  K.  No  reliable  measurement  of 
temperature  in  the  reflected  shock  regime  can  be 
made  because  the  lines  are  so  broad  that  the  line  pair 
is  blended. 

The  average  pressures  of  the  gas  inferred  from  the 
measured  partial  pressure  of  water  vapor  in  the  three 
flow  regimes  are  0.046,  0.375,  and  1.476  atm.  The 
agreement  between  the  values  inferred  from  the  /90 
and  Iqq  signals  is  well  within  4%.  In  the  first  stage  of 
the  flow  there  are  random  deviations  from  the  mean 
value  of  ±4%.  In  the  second  stage  there  is  a  system¬ 
atic  increase  with  time  of  the  measured  pressure, 
giving  a  difference  of  25%  between  the  two  extreme 
values.  This  pressure  has  been  inferred  from  the 
measured  partial  pressure  of  water  vapor,  assuming 
the  mole  fraction  is  constant  (and  known).  This  may 
not  be  a  correct  assumption,  as  the  evolution  of  the 
Voigt  a  parameters  indicates.  Theoretical  calcula¬ 
tions  following  Ref.  9  show  that  these  parameters 
increase  with  an  increase  in  the  mole  fraction  of 
water  vapor,  even  if  the  total  pressure  and  tempera¬ 
ture  are  constant,  because  of  the  high  value  of  the 
self-broadening  coefficients  compared  with  the 
H2O-O2  coefficient.  Therefore  the  mole  fraction  can 
be  inferred  from  the  ratio  a/Pu  o  because  this  ratio  is 
independent  of  pressure.  In  this  way  the  mole  frac¬ 
tion  has  been  shown  to  increase  linearly  up  to  7.7%, 
right  before  the  reflected  shock.  The  evolution  of 
the  pressure  corrected  by  the  mole  fraction  inferred 
in  such  a  way  is  nearly  constant.  Using  this  ap¬ 
proach,  the  average  pressure  is  0.318  atm,  which  is  in 
much  better  agreement  with  the  calculated  value  of 
0.317  and  with  the  value  of  0.311  measured  from  the 
pressure  gauge. 

We  think  the  increase  in  the  mole  fraction  of  water 
vapor  as  the  shock  progresses  is  due  to  a  gradient  in 
the  concentration  of  water  in  the  mixture  that  fills 
the  driven  section.  This  gradient  exists  before  firing 
of  the  shock  tube.  The  gradient  is  set  when  the 
driven  section  is  being  filled  with  the  H2O/ O2  mixture 
from  a  reservoir,  which  is  located  at  the  diaphragm 
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relative  frequency  (GHz) 

Fig.  5.  Pair  of  reduced  profiles  for  three  different  types  of 
shocks.  The  line  shapes  are  -ln(l  -  A///o),  normalized  to  unity 
at  line  center.  The  813  <-  812  line  is  located  -2.02  GHz  from  the 
larger  643  ^  642  line  (v  =  7212.950  cm“^).  A  third  line,  weaker 
than  the  other  two  lines  and  centered  at  —6.5  GHz  from  the  643 
642  line,  is  also  apparent  in  the  reduced  profiles,  (a)  Shock  in  a 
mixture  of  8%  of  H2O  in  O2  for  a  diaphragm  thickness  of  1 
mm.  The  inferred  gas  velocity,  temperatures,  and  pressures  are 
586  m/s,  588  K  (60°),  551  K  (90°),  1.018  atm  (60°),  and  1.005  atm 
(90°),  respectively,  (b)  Shock  in  pure  H2O.  The  inferred  gas 
velocity,  temperatures,  and  pressures  are  1582  m/s,  1070  K  (60°), 
1040  K  (90°),  0.081  atm  (60°),  and  0.031  atm  (90°),  respectively, 
(c)  Shock  in  a  mixture  of  8.1%  of  H2  in  O2.  The  inferred  gas 
velocity  and  pressures  are  1136  m/s,  0.454  atm  (60°),  and  0.443 
atm  (90°),  respectively.  The  temperature  has  not  been  inferred 
because  the  sensitivity  of  the  line  pair  is  too  low  above  1350  K. 


end  of  the  driven  section.  Water  is  being  adsorbed 
by  the  shock-tube  walls  as  the  mixture  fills  the  driven 
section.  Thus  the  amount  of  water  left  in  the  mix¬ 
ture  decreases  with  increasing  distances  to  the  inlet 
from  the  reservoir.  This  means  that  mixtures  with 
higher  concentrations  of  water  vapor  pass  by  the  test 
section  with  increasing  time  after  passage  of  the 
incident  shock  wave. 

In  the  third  (reflected  shock)  stage,  the  pressure 
obtained  is  remarkably  constant,  although  the  aver¬ 
age  is  higher  than  the  calculated  value  of  1.342  atm. 
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Fig.  6.  Variation  of  (a)  gas  temperature,  (b)  pressure,  and  (c) 
velocity  as  a  function  of  time  at  our  measurement  location,  45  cm 
from  the  end  wall  of  the  shock  tube.  The  initial  pressure  is  0.046 
atm  for  a  mixture  of  5.9%  H2O  in  O2.  Calculated  postshock 
conditions:  T  =  598  K,  P  =  0.317  atm,  Vgas  =  571  m/ s. 
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Assuming  the  mole  fraction  in  this  stage  is  7.7%,  we 
would  obtain  a  value  of  1.131  atm,  which  is  lower 
than  the  calculated  value  but  in  perfect  agreement 
with  the  value  of  1,133  atm  measured  with  the 
pressure  gauge.  Recall,  however,  that  the  mole  frac¬ 
tion  cannot  be  inferred  accurately  at  present  because 
of  the  lack  of  accurate  data  for  the  broadening 
coefficients.  At  room  temperature,  the  calculated  a 
parameters  agree  reasonably  well  with  the  measured 
a  parameters,  but  in  the  postshock  conditions  the 
measured  a  parameters  are  approximately  20% 
smaller  than  the  calculated  ones.  Thus  the  evolu¬ 
tion  of  the  mole  fraction  in  the  postshock  regions  has 
been  obtained  assuming  an  empirical  proportionality 
factor  of  0.79  between  the  calculated  and  the  mea¬ 
sured  a/PngO- 

The  average  velocity  of  575  m/s  observed  in  the 
postshock  conditions  agrees  very  well  with  the  571 
m/s  predicted  by  shock- wave  theory.  The  accuracy 
of  the  velocity  measurements  is  ±  25  m/  s,  correspond¬ 
ing  to  an  error  in  the  shift  measurement  of  0.009 
GHz.  Behind  the  reflected  shock  the  flow  has  a 
nonzero  velocity,  in  accordance  with  similar  measure¬ 
ments  made  by  Philippe  and  Hanson  in  O2  flows,^ 

The  use  of  two  probing  directions  for  the  velocity 
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measurement  is  necessary  to  account  for  the  collision- 
induced  shifts  that  affect  the  absorption  lines.  This 
remark  is  illustrated  in  Fig.  7,  in  which  the  evolution 
in  time  of  the  line-center  positions  (for  the  643  642 

transition)  for  the  two  absorption  signals  is  plotted 
for  the  same  conditions  as  in  Fig.  6.  The  quantity 
reported  on  the  vertical  axis  is  the  line-center  position 
of  the  absorbance  signal  after  the  time  scale  has  been 
converted  to  a  frequency  scale  with  the  etalon  signal. 
Each  of  the  40  absorbance  signals  is  converted  with 
its  corresponding  etalon  signal,  and  for  all  the  absor¬ 
bance  signals  the  zero  frequency  has  been  taken  as 
the  peak  near  the  absolute  maximum  of  the  etalon 
signal.  We  have  also  considered  that  the  frequency 
decreases  with  time  in  the  ramp  up  of  the  reference 
signal  and  increases  with  time  in  the  ramp  down. 
The  deviations  of  the  data  from  the  lines  through  the 
experimental  data  are  due  mostly  to  the  asymmetry 
in  the  frequency  dependence  on  time  between  the 
ramp  up  and  the  ramp  down;  this  is  confirmed  by  the 
alternating  change  in  sign  of  these  deviations.  The 
absorption  signal  does  not  experience  a  Doppler  shift 
when  the  beam  is  perpendicular  to  the  flow,  yet  the 
break  in  the  solid  lines  of  Fig.  7  at  1.3  ms  gives 
evidence  of  a  displacement  of  the  line-center  position 
when  the  shock  passes  in  front  of  the  laser.  This 
collision-induced  shift  Av^  is  due  to  the  difference  in 
pressure  and  temperature  before  and  behind  the 
shock.  An  experimental  shift  of  -5.2  x  GHz 
has  been  measured,  which  represents  25%  of  the 
Doppler  shift.  To  our  knowledge  no  reliable  data  on 
the  shift  coefficient  measurements  are  available,  in 
the  literature  for  comparison  at  present.  The  shift 
is  even  more  obvious  at  the  reflected  shock  (time,  3.1 
ms)  because  the  pressure  is  higher,  although  the  data 
points  are  more  scattered.  This  scattering  is  due  to 
the  difficulty  in  accurately  measuring  the  line-center 
position  when  the  absorption  lines  are  much  broader 
than  the  shifts. 

Figure  8  shows  the  comparison  between  the  mea¬ 
sured  and  the  calculated  axial  velocities  for  24  shock 


Fig.  7.  Evolution  of  the  relative  line-center  positions  for  the 
absorption  signals  measured  along  the  two  probe  directions  of  the 
flow;  evidence  of  a  collision-induced  frequency  shift  is  given  by  the 
discontinuity  of  the  curve  corresponding  to  90*"  (solid  circles) 
occurring  at  1.3  ms;  the  absorption  signal  at  60'’  (hollow  circles) 
experiences  a  collision-induced  shift  and  a  Doppler  shift  in  the 
same  direction. 


calculated  velocity  (m/s) 

Fig.  8.  Measured  axial  gas  velocity  versus  calculated  velocity. 
The  symbols  represent  the  data  from  the  experiments;  the  solid 
line  represents  the  1-D  shock  calculation. 

experiments,  classified  according  to  the  gas  mixture 
and  the  thickness  of  the  diaphragm.  Because  the 
peak  absorptions  in  these  experiments  were  low  (see 
Table  1),  an  average  of  several  absorption  signals 
would  be  desirable  to  reduce  the  noise  of  the  signals 
and  facilitate  the  fitting.  However,  for  all  the  data 
presented  here  only  the  results  for  the  first  (reduc¬ 
ible)  pair  of  profiles  are  shown  for  each  shock  experi¬ 
ment,  because  the  absorption  profiles  were  not  uni¬ 
form  enough  to  calculate  an  accurate  average.  In 
the  experiments  on  the  H2O/O2  mixture,  the  nonuni¬ 
formity  arises  from  an  increase  in  the  partial  pressure 
of  water  vapor  with  time,  mainly  because  of  an 
increase  in  the  mole  fraction  of  water  vapor  as  the 
shock  progresses.  In  the  experiments  on  pure  H2O, 
a  decrease  in  the  temperature  of  the  gas  shortly  after 
the  passage  of  the  shock  has  been  found,  resulting 
from  the  nonideal  shock-tube  behavior  of  these  condi¬ 
tions.  Finally,  in  the  experiments  on  the  H2/O2 
mixture,  the  mole  fraction  of  water  vapor  increases 
with  time  because  of  the  combustion  process.  In 
this  case  we  have  analyzed  the  absorption  signals  that 
were  recorded  approximately  0.7  ms  after  the  passage 
of  the  shock,  when  the  combustion  process  has  been 
finished. 

Doppler  shifts  in  the  experiment  ranged  from 
-0.10  to  -0.65  GHz,  with  the  corresponding  shift-to- 
width  (FWHM)  ratios  being  between  0.07  and  0.45. 
The  agreement  with  the  calculated  velocities  is  better 
than  10%.  However,  the  experiments  in  pure  H2O 
and  in  H2/O2  show  discrepancies  of  approximately 
100  m/s  with  the  calculated  values.  We  believe  this 
is  attributable  in  part  to  errors  in  the  measured  shock 
velocity  on  which  the  calculated  gas  velocities  are 
based,  because  errors  in  the  shift  measurement  itself 
cannot  account  for  errors  greater  than  ±30  m/s  for 
the  narrower  line  shapes  and  ±60  m/s  for  the 
broader  line  shapes  obtained  in  these  experiments. 
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Thus  the  shocks  in  pure  water  vapor  undergo  signifi¬ 
cant  acceleration  along  the  shock  tube.  Because  the 
shock  speed  was  measured  40  diameters  upstream 
from  our  observation  port,  we  may  have  calculated 
the  gas  velocities  with  a  shock  speed  lower  than  the 
speed  that  was  actually  present  in  our  measurement 
section.  In  fact  we  have  checked  that  the  error 
between  the  measured  and  calculated  gas  velocities  is 
reduced  to  zero  if  we  use  a  5%  higher  value  for  the 
shock  speed.  The  agreement  in  the  measured  tem¬ 
perature  and  pressure  with  the  calculated  values  is 
also  improved  in  this  way. 

Figure  9  shows  the  comparison  between  measured 
and  calculated  temperature  for  each  shock  experiment. 
The  measured  temperatures  are  on  average  3%  lower 
than  calculated  for  the  H2O/O2  mixtures  for  the 
0.25-mm-thick  diaphragm  experiments,  5%  lower  for 
the  1.0-mm-thick  diaphragm  experiments,  and  3% 
higher  for  the  pure  H2O  experiments.  The  scatter  in 
temperature  is  ±5%  over  the  whole  range.  No  at¬ 
tempt  at  measuring  the  temperature  for  the  H2/ O2 
experiments  has  been  made,  because  the  sensitivity 
to  temperature  of  the  line  pair  is  too  low  at  this  high 
temperature.  Nevertheless,  the  calculated  tempera¬ 
tures  of  these  shocks  are  included  in  Fig.  9,  because 
they  are  used  to  infer  all  the  other  magnitudes  that 
depend  on  the  temperature.  The  discrepancies  in 
measured  temperature  in  the  experiments  with  pure 
H2O  are  mainly  due  to  an  incorrect  value  in  the 
measured  shock  velocity  on  which  the  calculated  gas 
conditions  are  based,  as  pointed  out  above.  The 
measured  temperature  presented  here  corresponds  to 
the  first  (reducible)  pair  of  profiles  for  each  shock 
experiment.  The  results  from  reducing  the  follow¬ 
ing  pairs  of  profiles  show  a  dramatic  decrease  in 
temperature  (and  also  in  pressure).  This  suggests 
that  nonideal  shock-tube  effects,  such  as  boundary- 
layer  growth,  are  not  negligible  here. 


calculated  temperature  (K) 

Fig.  9.  Measured  temperature  versus  calculated  temperature: 
solid  symbols,  data  from  90°  beam;  open  symbols,  data  from  60° 
beam;  solid  line,  1-D  shock  calculation. 


Concerning  the  experiments  with  H2O/O2,  there 
are  several  possible  explanations  for  the  observed 
discrepancies  in  measured  temperature.  One  possi¬ 
bility  is  a  systematic  error  in  the  calculated  tempera¬ 
tures,  because  of  the  neglect  in  the  model  of  nonideal 
shock-tube  effects .  However,  the  results  from  reduc¬ 
ing  several  pairs  of  lines  in  each  shock  indicate  that 
the  temperature  behind  the  shocks  is  uniform  with 
time.  This  suggests  that  boundary-layer  growth  is  a 
negligible  effect  in  this  case.  Another  possibility  is 
the  use  of  incorrect  line  intensities  in  the  intensity 
ratio  formula  of  Eq.  (1).  We  took  care  of  this  by  an 
experimental  calibration  of  both  lines  at  room  tem¬ 
perature.'^  An  additional  factor  that  cannot  be  dis¬ 
missed  is  the  presence  of  small,  thermal  boundary 
layers  that  would  have  affected  the  line-of-sight  ab¬ 
sorption  measurement.  The  maximum  absorption 
coefficient  occurs  at  a  temperature  of  100  K  for  the 
3i3  ^  3i2  line  and  430  K  for  the  line  643  642.  Thus 

the  small  fraction  of  cold  H2O  molecules  in  the 
boundary  layer  causes  a  disproportionate  effect  on 
the  perceived  temperature.  Other  effects  that  would 
have  contributed  to  errors  in  the  measurement  are 
those  resulting  from  beam  misalignment.  Although 
care  was  taken  to  ensure  that  the  beams  passing 
through  the  tube  were  balanced  to  the  reference  Iq 
beam  before  each  experiment,  the  alignment  follow¬ 
ing  the  shock  was  often  perturbed  because  of  displace¬ 
ment  of  the  shock  tube,  vibration,  and  distortion  of 
the  windows.  This  perturbation  will  displace  and 
tilt  the  baseline  of  the  absorption  signals  obtained. 
The  baseline  was  corrected  afterwards,  looking  at  the 
residuals  of  the  Voigt  fitting  in  the  wings  of  the 
signal.  This  correction  works  better  for  narrow 
signals  (i.e.,  the  experiments  with  the  0.25-mm-thick 
diaphragms)  than  for  the  signals  in  the  experiments 
with  the  1.0-mm-thick  diaphragm.  In  this  latter 
case  the  lines  are  so  broad  that  the  signal  does  not 
reach  zero  on  the  wings. 

Figure  10  shows  the  comparison  of  calculated  and 
measured  pressures  determined  from  the  absorption 
method.  These  values  compare  well  with  those  de¬ 
rived  from  the  1-D  shock  calculations.  There  is  a 
small  systematic  deviation  in  the  pressures,  which 
correlates  with  the  underestimation  of  the  tempera¬ 
tures.  This  is  because  the  inferred  pressure  would 
compensate  for  an  error  in  temperature  and  because 
the  absorption  coefficient  increases  with  decreasing 
temperature.  Thus,  in  the  experiments  in  H2O/O2 
with  a  1.0-mm-thick  diaphragm,  the  measured  pres¬ 
sures  are  on  average  4%  too  low.  Here  the  ability  to 
measure  pressure  obviously  depends  on  knowlege  of 
the  H2O  mole  fractions.  In  the  H2O/O2  experi¬ 
ments,  the  H2O  mole  fraction  was  known  to  approxi¬ 
mately  100  parts  in  10®  in  the  mixture  tank. 
However,  these  mole  fractions  may  change  by  as 
much  as  100%  when  filling  the  shock  tube,  as  con¬ 
firmed  by  the  partial  pressure  in  the  initial  conditions. 
The  uncertainty  as  to  the  amount  of  water  vapor  on 
the  shock  tube  may  be  because  of  nonuniformities  in 
the  mixing  tank  and  absorption  and  deabsorption  on 
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Fig.  10.  Measured  total  pressure  from  the  fractional  absorption 
versus  calculated  pressure:  solid  symbols,  data  from  90°  beam; 
hollow  symbols,  data  from  60°  beam;  solid  line,  1-D  shock  calcula¬ 
tion. 


the  tube  walls.  In  general  the  first  shock  with  a 
certain  mixture  tends  to  have  low  mole  fractions. 
Afterwards,  higher  mole  fractions  are  obtained,  al¬ 
though  no  consistent  relationship  was  found  between 
the  actual  mole  fraction  and  either  the  number  of 
shocks  created  with  the  same  mixture  or  the  initial 
conditions  of  the  shock.  Thus  the  actual  mole  frac¬ 
tion  for  each  experiment  is  measured  in  the  initial 
conditions  with  an  estimated  accuracy  of  5%. 

As  we  have  pointed  out  above  (see  Fig.  6),  the  mole 
fraction  seems  to  change  as  the  shock  progresses. 
Thus  the  pressures  presented  here  have  been  ob¬ 
tained  from  the  first  (reducible)  pair  of  profiles  for 
each  shock.  In  the  H2/O2  experiments,  the  mole 
fraction  increases  with  time  as  the  combustion  pro¬ 
cess  is  taking  place.  The  data  presented  here  have 
been  inferred  from  the  pair  of  profiles  obtained  0.7  ms 
after  the  passage  of  the  shock  by  our  observation 
port,  using  the  mole  fraction  predicted  by  the  Chemkin 
codes. Measured  pressures  agree  within  5%  with 
calculated  pressures.  In  the  pure  H2O,  the  pressure 
inferred  agrees  within  0.1  Torr  with  the  measured 
pressure  at  the  initial  conditions.  The  measured 
pressures  in  the  postshock  conditions  (from  the  first 
reducible  pair)  agree  within  2%  with  the  value  given 
by  a  pressure  gauge  but  differ  by  as  much  as  0.09  atm 
(15%  error)  with  the  calculated  condition.  As  noted 
above,  the  agreement  with  the  calculated  pressure  is 
much  better  if  the  shock  speed  used  to  calculate  the 
gas  conditions  is  5%  higher  than  the  shock  speed 
measured  at  the  thin-film  sensor  0.6  m  upstream. 

Figure  11  shows  the  comparison  between  mea¬ 
sured  and  the  calculated  densities.  The  scatter  exhib¬ 
its  trends  similar  to  those  of  the  pressures,  but  the 
agreement  is  remarkably  better;  this  suggests  that 
the  underestimation  of  both  pressure  and  tempera¬ 
ture  cancels  to  first  order  in  Eq.  (5). 


calculated  density  (kg 

Fig.  11.  Measured  density  from  the  fractional  absorption  versus 
calculated  density:  solid  symbols,  data  from  90°  beam;  open 
symbols,  data  from  60°  beam;  solid  line,  1-D  shock  calculation. 


Figure  12  shows  the  measured  and  calculated  mass 
flux.  The  mass  flux  generated  in  these  experiments 
ranged  from  10  to  200  kg  m~^  s"h  The  agreement  is 
better  than  10%  for  all  the  experiments  in  H2O/O2. 
Higher  discrepancies  are  found  in  the  pure  water 
vapor  and  in  the  H2/O2  shocks  because  of  errors  in 
the  velocity  measurements. 

Finally,  Fig.  13  shows  the  measured  and  calculated 
momentum  flux.  The  scatter  exhibits  trends  similar 
to  those  of  the  mass  flux.  The  momentum  flux 
generated  in  these  experiments  ranged  from  1.0  x 
10^  to  1.5  X  10^  kg  m"^  s“^.  The  agreement  is  better 
than  12%  for  all  the  experiments  in  H2O/ O2,  whereas 
the  discrepancies  in  the  pure  water  vapor  and  in  the 


calculated  mass  flux  (kg  s“h 

Fig.  12.  Measured  mass  flux  versus  calculated  mass  flux:  solid 
symbols,  experimental  data;  solid  line,  1-D  shock  calculation. 
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calculated  momentum  flux  (10^  kg  m“^  s~^) 

Fig.  13.  Measured  momentum  flux  versus  calculated  mass  flux: 
solid  symbols,  experimental  data;  solid  line,  1-D  shock  calculation. 

H2/O2  shocks  are  aggravated  because  of  the  errors  in 
the  velocity  measurements. 

Conclusions 

Simultaneous  measurements  of  velocity,  tempera¬ 
ture,  pressure,  density,  mass  flux,  and  momentum 
flux  in  transient  flows  were  demonstrated  by  record¬ 
ing  absorption  profiles  of  the  H2O  line  pair  643  642, 

3i3  ^  3i2  in  the  vi  +  V3  band  at  1.386  |xm.  The 
tunable  radiation  was  provided  by  a  distributed  feed¬ 
back  InGaAsP  diode  laser.  The  unique  current¬ 
tuning  capabilities  of  laser  diodes  were  exploited  to 
achieve  high  measurement-repetition  rates  (10  kHz). 
Experiments  were  performed  in  a  shock  tube  for 
three  different  gas  mixtures:  pure  H2O  at  initial 
pressures  lower  than  3  Torr,  up  to  6%  of  H2O  in  O2  at 
initial  pressures  below  120  Torr,  and  up  to  8%  of  H2 
in  O2  at  initial  pressures  below  35  Torr.  The  test 
conditions  generated  in  the  shock  tube  ranged  from 
300  to  1700  m/s,  460  to  1700  K,  0.02  to  1.1  atm, 
0.006  to  0.4  kg  m"^,  10  to  200  kg  m"^  s"^,  and  1.0  x 
10^  to  1.5  X  10^  kg  m"^  s“2.  The  fractional  absorp¬ 
tions  were  between  3%  and  30%. 

The  measured  velocities  agreed  well  with  calcu¬ 
lated  values,  even  though  the  Doppler  shifts  were 
much  smaller  than  the  linewidths.  The  method 
would  work  even  better  at  higher  velocities.  Be¬ 
cause  the  identical  flow  was  used  to  provide  the 
unshifted  reference  feature,  any  effects  of  collision- 
induced  line  shifts  (which  are  of  the  same  order  as  the 
Doppler  shifts)  were  eliminated.  The  temperature- 
sensitive  spectral  feature  that  was  investigated  for 
measuring  temperature  was  suitable  in  the  range 
from  180  to  1350  K.  The  pressures  determined  from 
the  fractional  absorption  were  accurate  over  the 
entire  pressure  range.  This  method  requires  accu¬ 
rate  knowledge  of  the  H2O  mole  fraction.  Pressures 
could  be  alternatively  obtained  from  measured  line 
shapes  if  the  collision-broadening  coefficients  are 


known.  In  this  case  only  gross  knowledge  of  the  gas 
composition  is  needed  to  specify  the  overall  collision¬ 
broadening  coefficient.  This  suggests  the  desirabil¬ 
ity  of  obtaining  accurate  broadening  coefficients  for 
H2O  at  elevated  temperature.  This  method  has  not 
been  used  to  infer  pressures  here  because  the  avail¬ 
able  broadening  data^  are  not  accurate  enough  at 
temperatures  other  than  ambient  temperature.  Fi¬ 
nally,  the  accuracy  of  the  density  and  mass  and 
momentum  fluxes  reflects  that  of  the  velocity,  tem¬ 
perature,  and  pressure  measurement. 
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Abstract  The  use  of  sensitized  phosphorescence  for 
visualization  of  gas  phase  fluid  mixing  and  the  requirements  for 
quantitative  imaging  measurements  are  discussed.  A  model  for 
estimating  the  molecular-mixing  signal’s  dependence  on  fluid 
composition  is  developed  and  candidate  molecular  reactants  are 
considered  within  the  framework  of  the  model.  Experiments 
based  on  sensitized  phosphorescence  from  both  an  acetone- 
biacetyl  system  and  a  toluene-biacetyl  system  show  good 
qualitative  agreement  with  modeled  results.  It  is  concluded  that 
quantitative  measurements  using  sensitized  phosphorescence 
are  feasible. 

1 

Introduction 

The  mixing  of  two  different  fluid  streams  is  of  great  practical 
interest,  since  it  can  limit  the  overall  rate  of  progress  of 
a  particular  process.  As  an  example,  for  nonpremixed 
combustion  in  the  limit  of  fast  chemistry,  the  total  heat  release 
rate  is  governed  by  the  rate  at  which  fuel  and  oxidizer  streams 
mix.  Since  true  mixing  at  a  molecular  level  is  a  prerequisite  to 
chemical  reaction,  an  understanding  of  how  molecularly- 
mixed  fluid  is  generated  in  the  flowfield  is  essential  for  predictive 
modeling  of  such  a  process. 

Typically  the  mixing  field  is  studied  using  passive  scalar 
dilution  measurements,  where  inert  particles  or  molecules  are 
uniformly  seeded  into  one  stream  and  dilution  of  the  marker 
concentration  through  fluid  mixing  is  used  to  infer  the  local 
mixture  fraction.  However,  the  size  of  the  smallest  mixing  scales 
is  of  the  order  of  the  Batchelor  scale  diffusion  thickness 

where  S  is  the  local  integral  length  scale,  Sc  the 
Schmidt  number  and  Re  the  Reynolds  number.  For  laboratory- 
scale  liquid  flows  (where  molecular  diffusion  is  slow  and  the 
Schmidt  number  high)  or  in  high  Reynolds  number  gas  flows, 
the  Batchelor  scale  is  typically  very  small  and  often  cannot  be 
resolved  by  physical  probes  or  optical  sampling.  Passive  scalar 
measurements  then  overestimate  the  amount  of  mixing  in  the  flow. 

Reaction  or  product  marker  techniques  (Breidenthal  1981, 
Mungal  and  Dimotakis  1984,  Dimotakis  1989)  have  been 
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designed  to  circumvent  problems  associated  with  insufficient 
spatial  resolution  in  mixing  measurements.  In  these 
measurements,  each  of  the  two  fluids  is  seeded  with  a  different 
reactant.  When  molecularly  mixed,  a  chemical  reaction  between 
the  reactants  of  the  two  streams  produces  a  product,  which 
therefore  directly  tags  mixed  fluid.  The  product  concentration  is 
measured  in  order  to  determine  the  degree  of  mixing.  Such 
a  methodology  avoids  some  of  the  ambiguities  associated  with 
inadequate  resolution  -  even  if  the  smallest  fluid  scales  are  not 
resolved,  the  actual  amount  of  molecularly-mixed  fluid  in  the 
measurement  volume  is  recorded  correctly  via  the  product 
concentration.  Mixing  experiments  performed  in  turbulent 
liquid  shear  layers  have  successfully  exploited  reaction  marker 
techniques  and  shown  that  experimental  bias  in  passive  scalar 
measurements  is  indeed  significant  (Breidenthal  1981, 
Koochesfahani  and  Dimotakis  1986).  Single-point  measurements 
in  incompressible  (Mungal  and  Dimotakis  1984)  and  com¬ 
pressible  (Hall  et  al.  1991)  gas  mixing  layers  have  also  been  made. 

A  worthwhile  extension  of  the  chemical  reaction  technique  is 
the  development  of  a  non-intrusive  optical  measurement  scheme 
which  would  enable  quantitative  two-dimensional  imaging  of 
gas  phase  mixing,  similar  to  the  liquid  phase  diagnostic  of 
Koochesfahani  and  Dimotakis.  Quantitative  imaging  provides 
information  on  the  instantaneous  spatial  structure  of  the  flow 
that  cannot  be  obtained  from  single  point  measurements. 
Clemens  and  Mungal  (1991)  developed  a  technique  for 
visualizing  mixing  in  a  supersonic  shear  layer,  but  quantitative 
interpretation  of  their  product  signal  is  difficult  due  to  the 
complexity  of  the  vapor  condensation  process  upon  which  they 
base  their  diagnostic.  Another  imaging  method  based  on  oxygen 
quenching  of  NO  fluorescence  can  be  used  to  indirectly 
determine  the  mean  volume  occupied  by  mixed  fluid,  by 
measuring  the  volume  occupied  by  unmixed  fluid  (Clemens  and 
Paul  1993). 

A  promising  reaction-marker-type  diagnostic  for  visualizing 
gas  phase  mixing  was  introduced  by  Bates  (1977);  ^  similar 
technique  was  later  used  by  Winter  (1992).  These  techniques  are 
based  on  a  process  known  as  sensitized  phosphorescence.  The 
goal  of  the  current  work  is  to  take  a  closer  look  at  these 
techniques,  in  order  to  evaluate  their  applicability  for 
quantitative  mixing  measurements  within  the  framework  of  the 
chemical  reaction  methodology.  This  paper  first  describes 
sensitized  phosphorescence  and  how  it  can  be  used  to  visualize 
molecular  mixing.  In  order  to  exploit  the  process  for 
quantitative  mixing  measurements,  the  variation  of 
phosphorescence  intensity  with  local  mixture  composition  must 
be  well  understood,  and  in  order  to  predict  this  variation. 


a  generalized  photophysical  model  is  developed.  Candidate 
molecular  reactants  for  the  diagnostic  are  considered,  and  their 
behavior  is  modeled.  Experiments  designed  to  verify  the  model 
predictions  are  presented,  and  good  qualitative  agreement  is 
obtained. 

2 

Sensitized  phosphorescence 

Sensitized  phosphorescence  is  the  luminous  emission  generated 
when,  through  molecular  collisions,  excited  state  molecules  of 
one  species  (the  donor)  transfer  energy  to  another  species  (the 
acceptor),  which  then  phosphoresces.  The  utility  of  sensitized 
phosphorescence  for  mixing  visualizations  is  immediately 
apparent.  By  seeding  donor  molecules  in  one  stream  and 
acceptor  molecules  in  another,  donors  can  be  excited  in  a  two- 
dimensional  cross  section  of  the  flow  by  illumination  with  a  laser 
sheet.  Phosphorescence  will  then  be  emitted  where  fluid  mixing 
allows  donors  to  sensitize  acceptors  through  molecular 
collisions.  The  system  behaves  somewhat  like  a  diffusion  flame 
which  does  not  release  heat  and  which  has  its  own  particular 
chemistry.  No  real  chemical  reaction  actually  occurs  (only 
collisional  energy  transfer  takes  place),  making  the  system 
a  potential  candidate  for  mixing  studies  without  the 
complications  of  heat  release  and  the  subsequent  density  and 
velocity  changes  normally  associated  with  exothermic  reactions. 

Such  radiationless  electronic  energy  transfer  between 
molecules  has  useful  photochemical  applications  and  has  been 
studied  extensively  (Lamola  and  Turro  1969).  A  typical 
energy  level  diagram  is  shown  in  Fig.  1,  with  bold  arrows 
denoting  the  most  important  transitions  for  this  discussion. 
Both  donor  and  acceptor  molecules  will  typically  possess  singlet 
ground  states,  and  Aq.  An  allowed  radiative  transition  does 
not  change  spin,  so  that  laser  excitation  raises  the  donor  to  its 
first  excited  singlet  electronic  state  .  Corresponding  to  the 
excited  singlet  is  the  first  excited  triplet  state  D3,  of  lower  energy 
(Jaffe  and  Orchin  1962).  Intersystem  crossing,  a  nonradiative 
spin-changing  transition  which  can  occur  in  polyatomic 
molecules,  rapidly  transfers  the  donor  from  the  excited  singlet  to 
excited  triplet  state.  Energy  transfer  can  occur  when  the  excited 


donor  undergoes  a  collision  with  an  acceptor,  and  is  most 
favored  when  the  acceptor  Aq  can  be  excited  to  a  triplet  state  A3 
of  lower  energy  than  that  of  the  donor's,  i.e. 

D^-\- Aq-^Dq-\- A^.  (1) 

This  mechanism  is  referred  to  as  triplet-triplet  electronic  energy 
transfer  and  the  emission  from  the  excited  acceptor  A3,  which  is 
analogous  to  the  product  of  a  chemical  reaction  (Eq.  (1) )  is  the 
sensitized  phosphorescence. 

To  develop  a  good  mixing  diagnostic  based  on  the  triplet- 
triplet  energy  transfer  of  Eq.  (1),  the  ideal  donor  molecule  would 
be  easily  excited  to  its  excited  singlet  state  Di,  have  rapid 
intersystem  crossing  to  the  triplet  state  D3  and  a  low  triplet 
relaxation  rate  (so  that  the  donor  would  have  time  to  transfer 
energy  to  the  acceptor).  The  acceptor  would  ideally  exhibit 
a  high  visible  phosphorescence  yield  from  the  triplet  state  A3  (for 
strong  mixing  signals)  and  would  only  be  excited  by  molecular 
collisions  with  donor  molecules,  not  by  direct  laser  absorption. 
For  efficient  intermolecular  energy  transfer  and  to  reduce 
unsensitized  acceptor  excitation,  the  donor  excited  states  would 
be  much  higher  in  energy  than  those  of  the  acceptor. 

Biacetyl  is  an  attractive  acceptor  molecule  which  has  been 
used  extensively  in  photochemical  studies.  Its  triplet  state  is  low 
in  energy  with  an  exceptionally  high  phosphorescence  yield 
(15%),  Direct  absorption  of  UV  photons  produces  little  emission 
because  of  photodissociation  (Richard  et  al.  1978)*  Gas  phase 
donor  molecules  which  can  be  excited  in  the  near  UV  spectrum 
include  aromatics,  ketones  and  aldehydes.  In  order  to  compare 
different  donor  molecules  for  use  in  a  quantitative,  sensitized 
phosphorescence  mixing  diagnostic,  a  generalized  photophysical 
model  was  developed,  as  described  below. 

3 

Modeling 

Although  the  bold  arrows  in  Fig.  1  summarize  the  most 
important  transitions  involved  in  sensitized  phosphorescence, 
some  secondary  processes  must  be  included  if  a  real  system  is  to 
be  adequately  modeled.  Additional  processes  are  represented  in 
Fig.  1  by  lightly-shaded  arrows.  Photodissociation  of  excited 
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Acceptor  molecule 


Fig.  1.  Energy  level  diagram  for  sensitized 
phosphorescence 


states,  normally  observed  at  low  overall  pressures  when  excess 
vibrational  energy  is  not  quickly  dissipated  by  intermolecular 
collisions,  have  been  neglected.  Vibrational  relaxation  is 
assumed  to  be  rapid  and  complete.  The  objective  here  is  only  to 
construct  a  simple  framework  upon  which  to  build  a  qualitative 
understanding  of  the  system. 

After  laser  excitation,  aside  from  intersystem  crossing  to  the 
excited  triplet  state  D3,  excited  donor  singlets  can  decay 
radiatively  by  spin-allowed  fluorescence  emission.  For  aromatics 
in  particular,  another  possibility  is  energy  transfer  to  the 
acceptor  through  a  singlet-energy-transfer  mechanism.  For 
those  excited  donor  molecules  which  do  attain  the  excited  triplet 
state  D3,  not  all  will  produce  the  desired  acceptor  triplets.  Some 
donor  triplets  will  radiatively  decay  before  they  collide  with 
an  acceptor  molecule  Aq.  Others  relax  nonradiatively,  either 
internally  or  by  collisions,  with  molecules  other  than  the 
acceptor. 

Acceptor  triplets  A3  do  not  all  result  as  a  product  of  collisions 
with  excited  donors  (Eq.  (1)).  Some  are  created  directly  by 
the  UV  laser  pumping,  while  others  may  be  produced  after 
collisions  with  aromatic  donor  excited  singlets.  In  either  case, 
the  acceptor  is  typically  promoted  to  its  second  excited  singlet 
state,  which  can  relax  to  the  first  excited  singlet  state  under 
the  aid  of  molecular  collisions  (Richard  et  al.  1978).  These 
acceptor  singlets  can  emit  fluorescence  or  enter  the  triplet  state 
A3  by  intersystem  crossing.  Only  a  fraction  of  the  excited 
acceptor  triplets  actually  emit  phosphorescence  (the  signal  of 
interest),  the  rest  undergoing  nonradiative  relaxation  either 
internally  or  after  collisions  with  neighboring  molecules.  Oxygen 
in  particular  is  extremely  efficient  in  quenching  triplet 
phosphorescence,  and  must  be  excluded  from  the  flow  in 
order  to  obtain  good  signal  levels.  It  will  be  assumed  that 
nitrogen  (or  an  equivalent  inefficient  quencher  species)  is  the 
buffer  gas. 

The  following  coupled  rate  equations  describe  the  system: 
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where  D,,  and  A,  denote  the  concentrations  of  donor  and 
acceptor  molecules  in  the  electronic  energy  levels  denoted  by 
i,  M  denotes  molecular  species  which  collisionally  quench 
triplets  and  the  rate  constants  k  are  defined  in  Tables  i  and  2. 
4,ser  is  the  intensity  of  the  pump  laser  and  and  k^^f  denote 
the  intermolecular  energy  transfer  processes  by  which  acceptors 
from  one  stream  are  sensitized  by  laser-excited  donors  from  the 
other  stream. 

As  mentioned  above,  biacetyl  is  an  attractive  acceptor 
molecule;  its  rate  constants  are  listed  in  Table  1.  Since  molecules 
within  a  chemical  group  show  similar  electronic  structure  which 
is  largely  determined  by  the  active  bonds,  acetone  will  be 
considered  as  an  example  of  ketones  and  aldehydes  as  donor 
molecules.  The  aromatic  donor  molecules  benzene  and  toluene 
were  used  by  Bates  (1977)  and  Winter  et  al.  (1992)  in  their 
visualization  experiments.  Since  it  has  the  practical  advantage  of 
being  amenable  to  efficient  excitation  by  a  quadrupled  Nd :  YAG 
laser,  toluene  will  be  considered  here  as  an  example  of  an 
aromatic  donor.  The  rate  constants  for  acetone  and  toluene  are 
listed  in  Table  2. 

While  the  donor-acceptor  photophysical  rates  are  described 
by  Eq.  (2),  the  fluid  mechanics  determines  the  initial  conditions. 
In  a  mixing  experiment,  one  free  stream  will  be  seeded  with  a 
partial  pressure  pp  of  acceptor  molecules  and  the  other  with 
a  partial  pressure  po  of  donor  molecules.  An  arbitrary  fluid 
element  in  the  mixing  interface  will  have  a  mixture  fraction  c  of 


Table  1.  Acceptor  rate  constants  for  the  biacetyl  molecule. 
Acceptor  rate 

^'4,s  Absorption  at  308  nm  (XeCl) 

266  nm  (4xNd:YAG) 

(l>2i  2nd  to  1st  singlet  yield  at  308  nm 

266  nm 

^(lu  Singlet  fluorescence 

ktc  Intersystem  crossing 

kpho  Triplet  phosphorescence 

kfir  Triplet  internal  nonradiative  decay 

kt]M  Triplet  quenching  by  M^Aq 

A, 

acetone 

JV, 

toluene 


Value 

Reference 

1.2  X  10‘s  ‘/(MW/cnF) 

Lozano  1992 

5.1  X  10‘s  '/{MW/cmA 

Lozano  1992 

0.5 

fit,  cf  Richard  et  al.  1978 

0 

observed 

9.8  (  +  2.8)  X  10'  s  ‘ 

Sidebottom  et  al.  1972 

4.3(+0.8)x  10' s  ‘ 

Sidebottom  et  al.  1972 

100{  +  20)s  ‘ 

Sidebottom  et  al.  1972 

560(±130)s  ' 

Sidebottom  et  al.  1972 

4.2  s  ’/Torr 

Garabedian  and  Dows  1968 

2x5.7x  lO-'s  7Torr 

fit,  cf.  Lozano  1992 

2.5  s  VTorr 

Garabedian  and  Dows  1968 

Os  VTorr 

observed 

Os'  VTorr 

Winter  et  al.  1992 

Table  2.  Comparison  of  donor  molecules  for  electronic  energy  transfer  to  a  biacetyl  acceptor 


Donor  rate 

Acetone 

Toluene 

Pvap 

Vapor  pressure  (25'C) 

233  Torr 

29  Torr 

/ 

Excitation  wavelength 

308  nm 

266  nm 

<7abs 

Absorption  cross  section 

1.6x10“^"  cm^ 

Lozano  1992 

2.9(±0.2)x  10“'^  cm^ 
measured  here 

^abs 

<7abs 

Relative  acceptor  absorption 

0.5  X  0.5 

0 

4b  s 

Optical  depth 

18  cm  (@  100  Torr) 

33  cm  (@  3  Torr) 

^abs 

Absorption 

2.5x  10's‘V(MW/cm') 

3.9(±0.3)xl0's'V(MW/cm') 

k'L 

Singlet  fluorescence 

8.0(±0.2)  X  10'  s“' 

Hansen  and  Lee  1975 

7.1  X  10®  s“' 

Burton  and  Noyes  1968 

k\r 

Singlet  energy  transfer  to  A 

-Os^VTorr 

1.7x  10^s“VTorr 

Brown  et  al.  1974 

kP 

''isc 

Intersystem  crossing 

3.8(±0.5)  X  10's“‘ 

Hansen  and  Lee  1975 

2.0X  10"s“' 

Burton  and  Noyes  1968 

^  pho 

Triplet  phosphorescence 

100  s”' 

using  Heicklen  1959 

-0s“' 

fc" 

Triplet  internal  nonradiative  decay 

5.6xl0's“' 

Borge  et  al.  1990 

3.8(±1.0)xl0's“^ 

Holtzclaw  and  Schuh  1981 

Triplet  quenching,  M  —  D^) 

M  =  D, 

650(±50)s-VTorr 

Borge  et  al.  1990 

2x3.6x  lO's'VTorr 
fit 

500(±300)s-VTorr 

Borge  et  al.  1990 

3.9(±0.5)  X  10'  s“  VTorr 

Holtzclaw  and  Schuh  1981 

M  =  N^ 

-0s“' 

k^t 

Triplet  energy  transfer  to  A 

1.9  X  10's"VTorr 

fit,  cf.  Cundall  and  Davies  1966 

1.4(±0.2)x  10®  s"  VTorr 

Holtzclaw  and  Schuh  1981 

(say)  the  stream  seeded  with  the  acceptor.  The  initial  conditions 
in  the  fluid  element  are  then  Ao  =  CpQy  Do  =  {i  —  c)po, 

—  D\  —  —  0. 

The  temporal  response  when  the  fluid  element  is  subjected  to 
pulsed  laser  excitation  at  time  t  —  o  can  then  be  modeled  by 
numerical  integration  of  Eq.  (2).  Typical  results  are  as  shown  in 
Fig.  2  for  a  mixture  of  fluids  from  an  acetone-seeded  stream 
and  a  biacetyl-seeded  stream  in  equal  proportions.  Donor 
singlets  (not  seen  in  the  figure  due  to  the  long  time  scale)  exist 
essentially  only  during  the  20  ns  laser  pulse.  However,  laser¬ 
generated  donor  triplets  D3  persist  considerably  longer.  These 
molecules  act  as  a  source  for  generating  acceptor  triplets  A3, 
through  the  efficient  collisional  energy  transfer  mechanism.  The 
long-lived  acceptor  triplets  emit  sensitized  phosphorescence. 

The  phosphorescence  measured  in  an  actual  experiment  will 
depend  on  the  characteristics  of  the  detection  system,  and  may 
be  written  as 


P(c)  =  C"  I  A3(c,  t)dtdV{  +  C°  I  t)dtdv) ,  (3) 


where  the  domain  of  integration  corresponds  to  the  detector's 
integration  time  and  the  volume  of  the  fluid  element  considered. 
The  constant  accounts  for  the  overall  optical  collection 
efficiency  and  detector  gain  for  acceptor  phosphorescence.  The 
term  in  brackets  is  a  potential  contribution  from  donor  phos¬ 
phorescence,  which  is  undesirable  because  it  is  not  sensitized  by 
fluid  mixing. 


Fig.  2.  Temporal  response  of  a  donor-acceptor  mixture  (acetone-biacetyl) 
after  pulsed  laser  excitation  at  time  t  =  o 


4 

Requirements  for  quantitative  measurements 

The  motivation  for  modeling  the  sensitized  phosphorescence 
yields  for  different  donors  is  to  be  able  to  assess  the  feasibility  of 
using  this  diagnostic  as  a  pseudo-chemical  reaction  for 
quantitative  mixing  measurements.  For  such  measurements,  the 
donor  and  acceptor  molecules  seeded  in  the  two  streams  would 
play  the  role  of  chemical  reactants,  producing  a  detectable 
‘‘product”,  the  sensitized  phosphorescence,  by  Eq.  (1)  when 


brought  together  by  fluid  mixing.  As  explained  in  Koochesfahani 
and  Dimotakis  (1986),  even  though  the  smallest  fluid  scales  are 
not  resolved,  measurements  of  the  mean  volume  occupied  by 
mixed  fluid  and  its  mean  composition  can  be  made  using 
chemical  reaction  techniques  if  the  product  yield  approximates 
that  from  a  rapid,  irreversible  chemical  reaction  with  one 
reactant  in  short  supply,  i.e.  if  P(c)  is  almost  linear.  To  satisfy 
this  requirement  using  sensitized  phosphorescence,  the  signal 
P(c)  would  approximate  a  straight  line  over  most  of  the  mixture 
fraction  domain,  but  take  zero  values  in  the  free  streams  c  =  0 
and  c  =  i.  The  maximum  mixing  signal  would  occur  for  an 
effective  “stoichiometric”  mixture  fraction  Cs'^o  or  C,^i.  In 
keeping  with  the  application  for  fluid  mechanical  mixing 
experiments,  the  sensitized  phosphorescence  will  often  be 
referred  to  as  the  product,  or  chemical  reaction,  or  molecular 
mixing  signal  in  the  following. 

First  we  consider  the  case  where  acetone  is  used  as  the  donor 
to  a  biacetyl  acceptor.  Figure  3a  shows  the  modeled  sensitized 
phosphorescence  yield  P(c)  from  mixing  in  an  acetone-biacetyl 
system,  using  a  10  ps  detector  integration  time  and  collection 
efficiencies  corresponding  to  parameters  in  experiments  to  be 
presented  later.  In  particular,  an  optical  filter  has  been  included 
to  reduce  the  contribution  of  spurious  donor  phosphorescence. 
Pumping  at  308  nm  by  a  XeCl  laser  forming  a  50  mj,  20  ns  laser 
sheet  of  3.5  cm  x  0.5  mm  cross  section  is  assumed.  The  free 
stream  endpoint  P{c  =  o)  is  non-zero  due  to  this  acetone 
phosphorescence  (the  spurious  term  in  Eq.  (3)),  and  P(c  =  i)  is 
non-zero  due  to  phosphorescence  from  acceptors  excited 
directly  by  the  laser  and  not  by  collisions  with  donor  triplets 
from  the  other  stream.  A  mixture  of  c  ^  C,  0.23  gives  maximum 
product  yield.  Clearly  the  product  yield  curve  is  inappropriate 
for  quantitative  measurements. 

However,  the  excited  donor  appears  to  be  the  reactant  in 
short  supply,  and  if  the  free  stream  donor  seeding  were  reduced, 
the  desired  donor-lean  limit  of  c^^o  might  be  expected  to  be 
approached  (and  the  spurious  donor  phosphorescence  P(c==o) 


Mixture  fraction  (acceptor-seeded  stream)  { 

Fig.  3a-c.  Calculated  phosphorescence  yields,  a  Acetone  donor  at  100  Torr 
free  stream  seeding,  pumped  at  308  nm  with  a  50  mJ,  20  ns,  3.5  cm  x  0.5  mm 
laser  sheet;  b  Toluene  donor  at  3  Torr  free  stream  seeding,  pumped  at  266  nm 
with  a  50  mJ,  10  ns,  7  cm  x  0.5  mm  laser  sheet.  In  each  case  the  acceptor 
stream  is  seeded  with  biacetyl  at  15  Torr.  c  Same  as  case  (b)  but  with  3  Torr 
biacetyl  seeding  in  the  acceptor  stream 


to  be  reduced).  Unfortunately,  this  is  not  the  case.  Calculations 
at  reduced  acetone  seeding  or  laser  energy  still  show  a  peak 
product  yield  for  c,  ^  0.25.  This  initially  surprising  result  can  be 
explained  as  follows.  To  first  order,  most  of  the  secondary 
processes  in  Fig.  1  can  be  ignored.  After  laser  excitation,  the 
number  of  donor  triplets  is  just  proportional  to  the  initial 
amount  of  fluid  from  the  donor  stream,  (i  —  c).  These  donor 
triplets  can  either  react  by  Eq.  (1)  to  form  biacetyl  triplets  or 
relax  by  other  paths  (primarily  by  collisions  with  nitrogen  for 
acetone  donors).  Assuming  D3  is  the  reactant  in  short  supply,  the 
total  number  of  biacetyl  triplets  formed  (and  hence  the  product 
yield)  is  then  just  the  initial  number  of  donor  triplets  multiplied 
by  the  probability  of  reacting  with  biacetyl, 


P(c)xp?(l-c) 


Po  c 


33  ro  S  m  /V  nonlransfer 


(4) 


where  po  and  po  the  free  stream  acetone  and  biacetyl  seeding 
partial  pressures  (100  and  15  Torr  in  Fig.  3a)  and  ^nomramfer  is  the 
rate  for  donor  triplet  relaxation  by  paths  other  than  energy 
transfer  to  biacetyl.  The  maximum  yield  then  occurs  for 


^  iiontraiisfer 


-1 


0 


^  nontraiister 


(5) 


which  reduces  to  c,'-  o.26  for  po=i5  Torr  and 
^nontransfcr  ^  7^0  Torr.  The  cffectivc  stoichiometry  is  then 

independent  of  the  free  stream  donor  seeding  po^  as  observed. 
This  curious  behavior  stems  from  the  fact  that  the  rate  of  the 
triplet-triplet  energy  transfer  reaction  (Eq.  (i)),  characterized  by 
the  rate  constant  is  not  infinitely  fast  compared  to  other 
decay  paths  for  donor  triplets. 

It  is  clear  that  using  acetone  as  a  donor,  the  lean  donor 
seeding  limit  of  c,  ^  o  cannot  be  attained.  The  lean  acceptor 
seeding  limit  of  is  not  practical  either,  because  interference 
from  donor  phosphorescence  (Eq.  (3))  would  overcome  the 
mixing-sensitive  sensitized  phosphorescence  if  the  acceptor  was 
made  the  lean  reactant.  If  the  modeling  of  Sect.  3  is  adequate, 
acetone  would  not  appear  to  be  a  suitable  donor  for  use  in 
quantitative  chemical  reaction  measurements. 

Now  consider  toluene  as  a  donor.  From  the  comparison 
of  Table  2,  some  advantages  of  toluene  compared  to  acetone  are 
immediately  apparent.  There  is  no  gas  phase  toluene 
phosphorescence  or  direct  266  nm  laser  excitation  of  biacetyl 
triplets,  so  that  the  sensitized  phosphorescence  resulting  from 
excited  toluene  collisions  with  biacetyl  will  not  have  interference 
from  non-mixing-related  emission.  Because  collisions  with 
nitrogen  do  not  deactivate  toluene  triplets,  the  triplet  lifetime  is 
longer  than  that  of  acetone,  and  coupled  with  the  larger 
energy  transfer  rate  constant  k^^^,  collisional  excitation  of 
biacetyl  is  more  efficient  with  toluene  than  with  acetone.  As 
indicated  in  Fig.  3b,  sensitized  phosphorescence  using  toluene  as 
a  donor  shows  stronger  signals  than  with  acetone,  no  spurious 
signal  from  the  unmixed  streams,  and  a  value  of  u,  much 
closer  to  zero.  Pumping  at  266  nm  by  a  frequency-quadrupled 
Nd:YAG  laser  forming  a  50  mJ,  10  ns  laser  sheet  of 
7  cm  X  0.5  mm  cross  section  is  assumed,  along  with  a  detection 
system  identical  to  that  used  for  the  calculation  of  Fig.  3a,  with 


the  exception  that  an  optical  filter  for  discriminating  against 
donor  phosphorescence  is  not  required. 

A  complication  is  that  in  addition  to  the  triplet-triplet  energy 
transfer  reaction  (Eq.  i),  energy  transfer  to  biacetyi  from  toluene 
singlets  also  occurs  (see  Fig.  i),  and  this  additional  mechanism  is 
responsible  for  the  qualitative  difference  between  the  curves  of 
Fig.  3a  and  3b.  However,  if  the  acceptor  seeding  is  reduced,  the 
effect  of  singlet  energy  transfer  is  lessened.  The  product  yield 
curve  of  Fig.  3c  which  is  linear  with  mixture  fraction  for  most 
c  and  which  shows  zero  contribution  in  the  unmixed  free 
streams,  is  the  result.  The  shift  of  maximum  product  yield  to 
higher  acceptor  mixture  fractions  (than  in  Fig.  3b)  can  be 
rationalized  using  the  chemical  reaction  analogy.  When  the 
acceptor  seeding  is  reduced,  more  acceptor-stream  fluid  is 
required  to  obtain  a  stoichiometric  mixture. 

In  summary,  sensitized  phosphorescence  from  the  toluene- 
biacetyl  system  is  more  complicated  than  that  from  acetone  and 
biacetyl.  However,  using  appropriate  donor  and  acceptor 
seeding  densities,  the  system  appears  promising  for  quantitative 
mixing  measurements. 

5 

Experimental  droplets.  Nitrogen  rather  than  air  was  used  as  the  carrier  gas. 

Experiments  are  required  to  assess  the  validity  of  the  because  as  has  been  mentioned,  oxygen  severely  quenches 

conclusions  based  on  modeling.  The  objective  then  is  to  measure  phosphorescence  and  must  be  avoided  in  order  to  obtain  strong 

the  product  yield  as  a  function  of  mixture  composition,  when  signal  levels.  The  seeding  levels  were  measured  using  Rayleigh 

one  nitrogen  stream  seeded  with  a  given  concentration  of  donor  scattering.  While  biacetyl  and  acetone  have  relatively  low 

molecules  mixes  with  a  second  stream  seeded  with  biacetyl  toxicity,  their  odor  is  unpleasant,  so  ventilation  was  required, 
acceptors.  The  most  obvious  methodology  is  to  take  a  static  cell,  A  XeCl  excimer  laser  (Lambda  Physik  Model  EMG  160) 
choose  a  hypothetical  mixture  of  streams  one  and  two,  add  delivered  50  mj  of  308  nm  radiation  in  a  20  ns  pulse,  which  was 

donors,  acceptors  and  nitrogen  at  partial  pressures  formed  into  a  collimated  sheet  3.5  cm  tall  and  ~  0.5  mm  thick 

corresponding  to  the  chosen  mixture  fraction  (f,  and  then  with  cylindrical  optics.  The  laser  sheet  illuminated  a  cross 

measure  the  product  signal  P{c)  from  the  mixture.  Indeed  this  section  of  the  flow  along  the  central  axis  of  the  jet. 

approach  was  undertaken  initially  to  evaluate  an  acetone-  Blue  acetone  fluorescence  (the  passive  scalar  dilution  signal) 

biacetyl  system,  but  proved  to  be  slow  and  inefficient,  because  generated  by  the  laser  excitation  was  detected  with  a  gated, 

each  data  point  required  evacuation  of  the  static  cell  and  care-  intensified,  CCD  video  camera  equipped  with  a  glass,  “//z”, 

ful  introduction  of  the  gases  at  the  correct  partial  pressures  50  mm  photographic  lens.  A  shortwave-pass  interference  filter 
before  a  measurement  P(c)  could  be  made.  If  the  product  with  500  nm  cutoff  was  used  to  reject  green  phosphorescence, 

response  for  different  seeding  in  the  two  streams  was  desired,  and  the  intensifier  was  gated  on  for  a  duration  of  2  ps 

the  whole  measuring  sequence  would  have  to  be  repeated  for  the  overlapping  the  laser  pulse. 

different  gas  mixtures  required.  Green  biacetyl  phosphorescence  (the  chemical  reaction 

Since  there  is  no  interaction  of  excited  acetone  singlets  with  product  signal)  was  measured  simultaneously  with  a  second 

biacetyl  molecules,  it  was  realized  that  in  an  acetone-biacetyl  intensified  camera.  This  camera's  intensifier  was  gated  for 

system,  if  all  mixing  scales  in  a  real  mixing  layer  were  resolved,  a  10  ps  exposure,  but  delayed  by  0.1  ps  with  respect  to  the 

the  product  yield  function  could  be  measured  in  situ.  Blue  laser  pulse  in  order  not  to  be  sensitive  to  short-lived 

fluorescence  from  excited  acetone  singlets  would  provide  fluorescence.  A  long-wave-pass  filter  (cutoff  550  nm)  placed 

a  passive  scalar  dilution  measurement  of  the  local  mixture  in  front  of  this  second  camera  reduced  spurious  contributions 

fraction  c  (Lozano  et  al.  1992)  and  the  green  sensitized  biacetyl  from  acetone  phosphorescence  (Eq.  (3) ),  which  is  bluer  than  that 

phosphorescence  would  give  the  corresponding  reaction  product  from  biacetyi.  The  product  of  filter  transmission,  detector 
signal  P(c).  A  slow,  laminar  flow  in  which  diffusion  had  time  sensitivity  and  intensifier  gain  gave  an  overall  camera  gain  for 
to  thicken  the  mixing  layer  to  a  fully-resolvable  scale  was  chosen  phosphorescence  approximately  8  times  greater  than  that  of  the 

to  perform  the  product  yield  measurement.  other  camera,  which  was  necessary  in  order  to  detect  the  weaker 

Figure  4  shows  a  schematic  of  the  experimental  setup.  The  signals, 
flow  configuration  consisted  of  a  6  mm  diameter  axisymmetric  Post-processing  of  the  digital  images  (which  included 
jet  of  nitrogen  seeded  with  biacetyi  vapor  at  a  partial  pressure  of  background  subtraction  and  normalization  for  spatially  non- 
15  Torr  exiting  into  a  cofiowing  stream  of  nitrogen,  seeded  with  uniform  laser  sheet  intensity  and  camera  response),  was  applied 

acetone  vapor  at  between  12  and  100  Torr.  Seeding  of  the  two  to  correct  for  rotation,  displacement  and  differing  magnification 

streams  was  achieved  by  bubbling  the  nitrogen  through  baths  between  the  images  from  the  two  cameras.  After  this, 

of  liquid  biacetyi  and  acetone  respectively,  then  passing  the  comparison  of  the  passive  scalar  and  corresponding  product 

seeded  gases  through  40  pm  micropore  filters  to  remove  liquid  signals  from  identical  locations  in  the  flow  could  be  made. 
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Fig.  5a,  b.  Simultaneous  a  fluorescence  image  and  b  phosphorescence  image 
of  a  transitional  biacetyl-seeded  nitrogen  jet  exiting  into  a  coflow  of 
acetone-seeded  nitrogen 
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Fig.  6.  Comparison  of  measured  and  calculated  product  yield  versus  mixture 
fraction  tor  the  case  ot  15  Torr  biacetyl  and  100  Torr  acetone  seeding  in  the 
two  streams. 


Firstly,  to  demonstrate  molecular  mixing  visualization  using 
sensitized  phosphorescence,  Fig.  5  shows  a  pair  of  simultaneous 
time-resolved  (10  ps)  passive  scalar-reaction  marker  images 
taken  in  a  transitional  jet  {Re  The  jet  is  15  Torr  of 

biacetyl  in  nitrogen  and  the  coflow  is  60  Torr  of  acetone  in 
nitrogen.  The  images  cover  3.9  d  x  5.5  d,  starting  0.2  d 
downstream  of  the  d  =  6  mm  inner  diameter  nozzle.  Blurring  in 
the  phosphorescence  image  due  to  movement  of  the  flow  during 
the  10  ps  image  intensifier  gating  time  is  too  small  to  be  resolved 
and  hence  negligible.  Brighter  shading  indicates  higher 
fluorescence  and  phosphorescence  signals  in  Figs.  5a  and  5b 
respectively  (the  peak  signal-to-noise  ratio  in  both  images  is 
approximately  15  to  20),  and  the  flow  direction  is  from  bottom  to 
top.  In  Fig.  5a  the  passive  scalar  signal  (acetone  fluorescence)  is 
seen  to  be  at  a  maximum  in  the  pure  acetone-seeded  coflow 
and  minimum  in  the  biacetyl-seeded  jet.  The  mixing  layer,  where 
the  passive  scalar  is  diluted  by  mixing  of  the  jet  and  coflow 
streams,  is  not  well  visualized.  Figure  5b  in  contrast,  shows 
product  signals  (biacetyl  phosphorescence)  strongly  peaked  in 
the  shear  layer  where  mixing  between  the  two  streams  occurs. 

A  thick  laminar  mixing  layer  was  imaged  in  order  to  measure 
the  variation  of  product  yield  with  mixture  composition.  Figure 
6  shows  the  product  yield  variation  with  mixture  fraction  for 
the  case  of  15  Torr  biacetyl  and  100  Torr  acetone  seeding  in 
the  two  streams.  The  experimental  data  points  come  from 
a  radial  traverse  of  the  mixing  layer  images,  with  the  value  of  the 
product  signal  P(c)  obtained  from  the  biacetyl  phosphorescence 
image  and  the  local  mixture  fraction  c  derived  from  the 
corresponding  value  in  the  acetone  fluorescence  image.  Plotted 
in  the  same  figure  is  the  calculated  product  yield  from  Fig.  3a, 
and  good  qualitative  agreement  is  seen.  Furthermore,  reduction 
of  the  acetone  free  stream  seeding  was  observed  not  to 
change  the  stoichiometric  mixture  fraction,  as  discussed  in 
Sect.  4. 

To  verify  the  toluene-biacetyl  modeling,  static  cell 
measurements  had  to  be  performed.  (Due  to  the  singlet  energy 
transfer  mechanism,  toluene  singlet  fluorescence  could  not  be 
used  to  determine  the  local  mixture  fraction  in  a  mixing  layer  at 
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Fig.  7.  Comparison  of  measured  and  calculated  product  yield  versus  mixture 
fraction  for  the  case  of  3  Torr  biacetyl  and  3  Torr  toluene  seedling  in  the  two 
streams 

the  same  time  as  the  corresponding  product  signal  was 
measured,  as  was  done  in  the  acetone-biacetyl  experiments.) 
Toluene,  although  not  carcinogenic,  is  considered  to  be  mildly 
toxic.  Dilution  in  a  laboratory  exhaust  system  is  necessary  to 
reduce  concentrations  to  safe  levels  (200  ppm  in  air). 

A  frequency-quadrupled  Nd:YAG  laser  (Quanta  Ray  Model 
DCR-2)  was  used  to  obtain  0.4  mj  of  266  nm  radiation  in 
a  collimated  beam  of  --0.5  mm  diameter.  The  sensitized 
phosphorescence  excited  by  this  beam  in  a  static  cell  filled  with 
appropriate  toluene-biacetyl-nitrogen  mixtures  was  measured 
with  a  photomultiplier  and  a  boxcar  averager  set  to  integrate 
over  a  10  ps  window  delayed  -  0.1  ps  after  the  laser  pulse. 
Figure  7  shows  the  experimental  results  along  with  the 
corresponding  model  predictions,  which  again  show  good 
qualitative  agreement.  Corrections  for  measured  laser  beam 
attenuation  (here  15%  at  most)  have  been  included.  The 
non-zero  product  signal  measured  from  “pure”  toluene  (c  =  o) 


arises  from  low-level  biacetyl  contamination  in  the  static  cell  and 
should  be  ignored.  The  product  yield  curve  corresponds  to 
excited  donor  molecules  acting  as  the  deficient  reactant  and  is 
appropriate  for  quantitative  mixing  measurements. 

6 

Conclusions 

Sensitized  phosphorescence  has  previously  been  used  for 
qualitative  visualization  of  gas  phase  fluid  mixing  (Bates  1977, 
Winter  et  al.  1992).  The  goal  of  this  work  has  been  to  explore  the 
possibility  of  performing  quantitative  mixing  measurements 
using  sensitized  phosphorescence,  within  the  framework  of  the 
chemical  reaction  methodology  (Dimotakis  1989)-  A  generalized 
photophysical  model  was  developed  in  order  to  predict  the 
dependence  of  sensitized  phosphorescence  on  fluid  composition 
in  mixing  experiments,  and  both  acetone  and  toluene  were 
considered  as  donor  species  for  sensitizing  biacetyl 
phosphorescence.  Experiments  performed  in  acetone-biacetyl 
and  toluene-biacetyl  systems  showed  strong  signal  levels  and 
good  qualitative  agreement  with  the  model  results.  Sensitized 
phosphorescence  from  the  toluene-biacetyl  system  in  particular 
is  suitable  for  quantitative  mixing  measurements. 
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Scientific  Research,  Aerospace  Sciences  Directorate,  and  is 
gratefully  acknowledged. 
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Abstract.  A  flow  visualization  system  is  described  that  provides  3-D 
snapshots  of  instantaneous  flow  structures  by  rapidly  acquiring  succes¬ 
sive  image  planes  from  within  the  flow.  For  each  3-D  snapshot,  up  to  20 
planar  images  are  collected  at  the  rate  of  10,000,000  images/s.  Flow 
visualization  at  successive  planes  is  by  planar  particulate  scattering  or 
planar  laser-induced  fluorescence  using  a  laser  sheet  rapidly  swept  once 
across  the  flow  by  a  30,000-rpm  polygon  scanner.  Variations  in  the  laser 
sheet  intensity  are  monitored  by  placing  an  on-edge  image  of  the  sheet 
on  the  periphery  of  every  planar  flow  image.  The  camera  is  a  high-speed 
image  converter  coupled  by  fiber  optics  to  a  slow-scan  CCD  camera. 
The  fiber  optics  provide  2.5  times  better  light  gathering  efficiency  than 
lens  coupling  without  reducing  the  available  spatial  resolution.  The  over¬ 
all  measurement  technique  shows  excellent  potential  as  demonstrated 
with  a  selection  of  3-D  measurements. 

Subject  terms:  three-dimensional  flow  visualization;  high-speed  imaging;  turbu¬ 
lence  measurement 

Optical  Engineering  33(3),  975-980  (March  1994). 


1  Introduction 

Turbulent  flames  and  flows  require  3-D  measurement  tech¬ 
niques  to  comprehensively  investigate  their  highly  noniso¬ 
tropic  mixing  characteristics.  The  measurement  technique 
described  herein  provides  3-D  snapshots  of  turbulent  mixing 
characteristics  in  cold-flow  or  combustion  settings.  More  spe¬ 
cifically,  the  technique  provides  instantaneous  full-field  3-D 
measurements  of  particle  or  species  concentrations  within  a 
volume  of  the  flow.  These  measurements  can  be  studied  for 
properties  such  as  flame  connectedness,  surface-to-volume 
ratios,  absolute  mixing  gradients,  and  mixing  topology.  A 
better  understanding  of  these  3-D  matters  will  impact  a  broad 
range  of  turbulent-flow  devices. 

Normally,  a  2-D  measurement  technique,  planar  flow  im¬ 
aging  provides  visualization  of  a  specific  flow  plane  by  scat¬ 
tering  a  laser  sheet  from  molecules  or  particles  within  the 
flow.^  We  have  applied  the  technique  in  three  dimensions  by 
sweeping  the  laser  sheet  across  the  flow  while  a  high-speed 
camera  acquires  a  set  of  images,  as  shown  in  Fig.  1 .  Each 
image  set  is  comprised  of  up  to  20  planar  flow  images  re¬ 
corded  at  10^  images/s  for  a  total  recording  time  of  under 

2  |xs.  This  recording  time  is  instantaneous  with  respect  to 
most  flows  of  interest.  After  acquisition  of  an  image  set,  the 
individual  planar  flow  images  are  digitally  processed  and 
stacked  to  form  an  instantaneous  3-D  measurement. 
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Previously,  2-D  planar  flow  imaging  at  lower  image  rates 
(—10'^  images/s)  has  been  used  for  noninstantaneous  3-D 
measurement  of  flows  with  periodic  structure.^  Higher  im¬ 
aging  rates  (—10^  images/s)  suitable  for  instantaneous  3-D 
measurement  of  slow  nonperiodic  flows  have  been  achieved 
with  a  frame-transfer  CCD  (Ref.  3)  and  a  scanned-input  vi- 
dicon  device.^  A  high-speed  system  suitable  for  instantaneous 
3-D  measurement  of  fast  flows,  similar  to  the  system  de¬ 
scribed  herein,  has  been  demonstrated  by  Yip  et  al.^  and  Long 
and  Yip.^  We  have  improved  on  this  work  by  providing 
(1)  faster  laser  sheet  scan  rates  and  therefore  larger  mea¬ 
surement  volumes,  (2)  instantaneous  monitoring  of  the  laser 
sheet  energy  for  more  accurate  laser  sheet  corrections,  and 
(3)  improved  camera  hardware  for  higher  image  resolution 
and  better  sensitivity  to  low-light  flow  visualizations.  In  this 
paper,  we  describe  the  improved  measurement  technique, 
assess  the  performance  of  the  camera  system,  and  present  a 
selection  of  3-D  measurements. 

2  Measurement  Technique 

Shown  in  an  exploded  format  in  Fig.  2,  the  camera  is  based 
on  an  image  converter  coupled  by  a  series  of  coherent  fiber 
optics  bundles  to  a  CCD  array.  The  image  converter  is  a 
Hadland  Imacon  790  internally  triggered  at  10^  images/s.  As 
the  image  converter  is  triggered,  an  image  set  of  up  to  20 
images  is  briefly  displayed  on  the  40-  X  70-mm  P-20  phos¬ 
phor  in  a  two-row,  side-by-side  format.  The  exposure  time 
for  each  image  is  about  ‘A  the  interframe  time,  or  about  20  ns. 
The  dynamic  range  of  the  image  converter  at  that  speed,  as 
specified  by  the  manufacturer,  is  approximately  50: 1 .  To  re- 
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Fig.  1  Multiple  planar  images  are  rapidly  acquired  by  the  3-D  planar 
imaging  technique.  Digital  image  processing  converts  the  planar  im¬ 
ages  into  a  3-D  flow  visualization  measurement. 


CCD  f.o.coupling  image  converter  flow  visualization 


photons 


photocathode 


Fig.  2  Exploded  schematic  of  camera  hardware.  Capability  to  frame 
at  10^  images/s  is  provided  by  image  converter.  Output  images  are 
displayed  on  phosphor  screen  and  then  recorded  by  CCD  camera. 


cord  the  image  converter  output,  most  use  Polaroid  film 
placed  directly  against  the  output  phosphor,  or  a  video-grade 
CCD  camera  lens-coupled  to  the  phosphor.  In  contrast,  we 
are  using  a  400  X  700  Reticon  slow-scan  CCD  camera  sealed 
in  a  cooled  camera  head  by  a  1 : 1  fiber  optic  stub  and  coupled 
to  the  phosphor  by  a  3.75: 1  (diameter  ratio)  fiber  optic  taper. 
The  fiber  optics  substantially  improve  the  performance  of  the 
camera,  which  is  detailed  in  the  following  section. 

Planar  flow  images  collected  with  exposure  times  of  20  ns 
require  intense  laser  power,  which  precludes  the  use  of  a 
continuous-beam  laser.  The  repetition  rate  of  available  pulsed 
lasers  precludes  pulsed  operation  synchronized  with  framing 
of  the  camera.  For  these  reasons,  planar  illumination  for  an 
entire  image  set  is  provided  by  a  single  long-duration  pulse 
from  a  Candela  SLL8000  flashlamp-pumped  dye  laser.  The 
pulse  duration  is  2  p.s  full  width  at  half  maximum  (FWHM), 
which  is  sufficient  for  up  to  20  images  when  collected  at  10^ 
images/s.  The  pulse  energy  is  as  high  as  10  J  at  590  nm  using 
Rhodamine  590  dye.  The  output  wavelength  can  be  tuned 
within  the  limits  of  the  Rhodamine  590  gain  curve  (about 
±  30  nm)  using  an  intracavity  triple-prism  tuner,  and  fre¬ 
quency  doubling  into  the  ultraviolet  is  possible  with  about 
6%  conversion  efficiency  using  an  external  angle-tuned  dou¬ 
bling  crystal.  A  transient  record  of  the  first  microsecond  of 
a  typical  laser  pulse  at  590  nm  is  illustrated  in  Fig.  3,  which 
includes  surface  rendering  of  the  beam  intensity.  The  data 
was  collected  at  10^  images/s  and  illustrates  the  duration  and 
the  rapid  energy  variations  of  the  beam. 

For  3-D  flow  visualization,  the  beam  is  formed  into  sheet 
and  swept  once  across  flow,  as  shown  in  Fig.  4.  To  sweep 
the  sheet,  we  use  a  12-sided  aluminum  polygon  scanner 
driven  by  an  asynchronous  ac  motor  rotating  at  30,000  rpm. 
A  stationary  mirror  adjacent  to  the  scanner  doubles  the  speed 
imparted  to  the  laser  by  causing  a  second  strike  of  the  scanner. 
Additional  stationary  mirrors  will  further  increase  the  sheet 
speed  according  to  ^  where  o)  refers  to  an¬ 

gular  speed  and  n  is  the  total  number  of  scanner  strikes.  With 
the  flow  located  1  m  from  the  scanner  and  with  one  stationary 
mirror,  the  lateral  speed  of  the  sheet  through  the  flame  gives 


Fig.  3  History  of  a  single  laser  pulse  from  a  flashlamp-pumped  dye 
laser  collected  at  10^  images/s  by  directing  the  beam  onto  a  diffuse 
surface.  Images  and  renderings  show  rapid  energy  variations. 


image 

processing 


PIXARHlBMl-[g  imacon 


Fig.  4  Plan  view  of  3-D  measurement  configuration.  For  sheet  mon¬ 
itoring,  a  beam  split  is  made  prior  to  the  scanner  and  directed  onto 
a  card  in  the  field  of  view  of  the  camera.  Registration  marks  are 
provided  by  fiber  optic  cables  fed  by  a  coordinated  flashbulb. 


1.1  mm  of  sheet  travel  between  images  collected  at  10^  im¬ 
ages/s,  allowing  a  sheet  sweep  of  several  centimeters  during 
a  3-D  measurement. 

As  with  most  quantitative  planar  flow  imaging,  laser  sheet 
monitoring  is  necessary  because  the  flow  visualization  de¬ 
pends  on  the  laser  energy  at  the  instant  each  planar  flow  image 
is  collected.  As  previously  shown  in  Fig.  3,  the  flashlamp- 
pumped  dye  laser  exhibits  rapid  energy  variations  over  the 
course  of  a  single  pulse.  These  variations  necessitate  tem¬ 
porally  resolved  sheet  monitoring.  For  this  purpose,  as  il¬ 
lustrated  in  the  plan  view  of  Fig.  4,  a  split  of  the  main  beam 
prior  to  the  scanner  is  directed  onto  a  card  in  the  camera’s 
field  of  view.  A  stationary  on-edge  sheet  thus  appears  within 
every  frame,  giving  an  instantaneous  record  of  the  sheet  pro¬ 
file  at  the  time  each  planar  flow  image  is  collected. 

With  the  Hadland  image  converter,  fluctuations  in  the 
placement  of  the  individual  images  on  the  output  phosphor 
necessitate  registration  marks  within  every  image  so  the  flow 
visualizations  can  be  accurately  located  from  within  the  im¬ 
age  set  and  then  stacked  to  form  a  3-D  array.  As  shown  in 
bottom-right  of  Fig.  4,  fiber  optic  cables  fed  by  a  coordinated 
flashbulb  create  registration  marks  within  the  field  of  view 
of  the  camera.  A  single  5-fxs  flash  provides  illumination  for 
registering  all  the  images  of  the  image  set. 

After  an  image  set  is  captured  as  single  400  X  700  CCD 
image,  the  data  is  downloaded  to  a  80486-based  computer 
through  an  IEEE-488  interface.  The  format  of  the  output  is 
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illustrated  in  Fig.  5.  After  manually  identifying  the  registra¬ 
tion  marks,  custom  Windows-based  software  performs  laser 
sheet  corrections,  image  enhancements,  and  image  stacking 
to  generate  the  3-D  data  array.  The  measurement  can  then 
be  applied  to  volume  rendering  routines  and  other  3-D  en¬ 
gineering  analyses. 

3  Camera  System  Characterization 

The  performance  characteristics  of  the  camera  system  have 
been  evaluated  to  assist  in  the  design  of  meaningful  exper¬ 
iments  and  to  identify  critical  areas  for  future  camera  im¬ 
provements.  The  characterization  presented  here  includes  the 
fiber  optic  coupling  efficiency,  the  system  resolution,  and  the 
overall  sensitivity. 

3.1  Fiber  Optic  Coupling  Efficiency 

The  sensitivity  of  the  camera  system  is  directly  proportional 
to  the  efficiency  of  the  fiber  optics  coupling  the  image  con¬ 
verter  phosphor  to  the  CCD  array.  The  coupling  efficiency 
is  defined  as  the  fraction  of  the  image  converter  output  pho¬ 
tons  that  are  collected  and  delivered  to  the  CCD  array.  The 
coupling  efficiency  is  iQ  ==  ^Htaper^stub’  ^^e  product  of  the 
efficiencies  of  the  two  coupling  components  (c.f..  Fig.  3). 
The  coupling  efficiency  of  the  taper  can  be  computed  from 

coupled  f  C 

^taper  available  I  J 

Itt  2tt 


where  /jmacon  is  the  directional  optical  energy  output  per  solid 
angle  delivered  out  the  phosphor  and  ^taper  is  the  directional 
transmission  of  the  taper,  which  depends  on  the  direction  of 
the  applied  input.  The  data  for  was  measured  using  a 
distant  point  source  of  light  from  a  P-20  phosphor  unidirec- 
tionally  applied  to  the  input  face  of  the  taper  with  the  stub 
and  CCD  attached.  The  resulting  pixel  values,  scaled  by  the 
taper  area  ratio,  were  divided  by  the  pixel  values  obtained 
with  the  taper  removed.  The  resulting  Ptaper  distribution  and 
/jmacon  plotted  in  Fig.  6.  The  data  shows  that  the  image 
converter  exhibits  a  fairly  Lambertian  output  distribution, 
whereas  the  taper  provides  only  a  very  narrow  transmission 
cone.  When  applied  to  Eq.  (1),  the  data  yield  — 
which  compares  well  with  related  measurements  by  Cole¬ 
man.^  Similarly,  the  efficiency  of  the  stub  can  be  com¬ 
puted  from 

^  available  ^ 

Itt  Itt 
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Fig.  5  Format  of  system  output.  High-speed  images  appear  side  by 
side  on  the  CCD  array.  Each  high-speed  image  contains  a  planar 
flow  image,  a  sheet  monitor  record,  and  registration  marks. 


angle  relative  to  optical  axis 

Fig.  6  Directional  properties  of  camera  components.  The  properties 
determine  the  efficiency  of  the  fiber  optics  coupling  the  image  con¬ 
verter  to  the  CCD  array.  Based  on  these  curves,  the  taper  passes 
5.3%  of  the  Imacon  output,  while  the  stub,  in  turn,  passes  18%  of 
the  taper  output. 


Fig.  7  Unprocessed  image  set  showing  the  top  10  cm  of  a  15-cm- 
tall  swirling  ethylene  diffusion  flame.  Flow  visualization  is  by  planar 
particulate  scattering  from  naturally  occurring  soot  particles.  Total 
image  set  recording  time  is  1 .4  |jls. 


where  /^^per  is  the  directional  distribution  of  the  taper  output 
and  is  the  directional  transmission  of  the  stub.  These 
data  are  also  plotted  in  Fig.  7  and  give  =  18%.  Thus  the 
combined  coupling  efficiency  of  the  taper  and  stub  is  5.3 
X  18%,  or  approximately  1.0%. 

At  1%  coupling  efficiency,  the  fiber  optic  system  provides 
substantially  better  performance  than  most  lens-coupled  CCD 
recording  systems.  Considering  commercially  available  com¬ 
plex  lenses  and  specified  resolution  limits,  an//2  lens  is  ap¬ 
proximately  the  fastest  that  can  maintain  the  spatial  resolution 
available  at  the  image  converter  output.  The  coupling  effi¬ 
ciency  of  an //2  lens  for  the  /imacon  distribution  is  only  0.4%, 
assuming  no  lens  reflection  or  absorption  losses,  and  assum¬ 
ing  3.75:1  image  minification  as  is  achieved  with  the  fiber 
optics.  Thus,  the  fiber  optics  are  2.5  times  more  efficient  than 
a//2  lens-coupled  design. 

3.2  Resolution 

The  resolution  of  the  system  indicates  the  potential  quality 
of  the  flow  visualization  results.  For  comparison  purposes, 
the  line-pair  (Ip)  resolutions  reported  here  have  been  pro¬ 
jected  to  the  input  of  the  system,  i.e.,  the  9-  X  8-mm  photo¬ 
cathode.  To  measure  the  resolution,  images  were  collected 
of  a  standard  U.S.  Air  Force  (USAF)  1951  resolution  test 
target.  The  resolution  was  measured  for  the  image  converter 
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alone  using  images  of  the  test  target  recorded  from  the  phos¬ 
phor  directly  onto  Polaroid  film.  On  the  developed  film,  9 
Ip/mm  could  not  be  resolved  by  the  human  eye,  whereas  10 
Ip/mm  was  resolved.  Thus  the  image  converter  provides  ap¬ 
proximately  9  to  10  Ip/mm.  In  comparison,  for  the  digital 
output  of  the  complete  system  (i.e.,  including  the  fiber  optic 
coupling  and  the  CCD),  the  resolution  was  again  measured 
between  9  and  10  Ip/mm.  In  other  words,  the  resolution  of 
the  system  is  limited  by  the  image  converter,  not  by  Nyquist 
sampling  restrictions  on  the  fiber  optics  or  the  CCD  array. 

3.3  Sensitivity 

The  sensitivity  of  the  camera  system  depends  on  the  overall 
noise  and  signal  gain.  The  gain  is  defined  as  the  number  of 
electrons  generated  at  the  CCD  per  photon  input  at  the  image 
converter  photocathode  and  can  be  computed  from 

^system  ^Imacoii^lapcr'hstLibQ^CCD  * 

In  this  expression,  is  the  photon  gain  of  the  Imacon, 

defined  as  the  number  of  phosphor  photons  exiting  from  the 
image  converter  per  photon  applied  to  the  photocathode.  The 
Imacon  gain  includes  the  quantum  efficiency  (QE)  of  the 
photocathode  and  is  therefore  spectrally  dependent.  For  input 
at  442  and  632  nm,  has  been  measured  at  25  and  10, 

respectively,  using  diffused  and  metered  HeCd  and  HeNe 
laser  light.  Averaged  over  the  P-20  spectrum,  the  quantum 
efficiency  of  the  CCD,  was  measured  at  24%.  These 

values  give  ~  CCD  electrons  per  photo¬ 

cathode  photon  for  the  HeCd  and  HeNe  wavelengths,  re¬ 
spectively. 

The  noise  of  the  system  is  comprised  of  photon  shot  noise 
and  electronic  noise.  At  the  level  of  the  minimum  detectable 
signal,  the  shot  noise  is  small  compared  to  the  electronic 
noise  of  the  system,  which  is  dominated  by  the  CCD  dark 
noise  of  approximately  30  CCD  electrons/pixel  rms.  Based 
on  the  previously  computed  values  of  the  camera 

thus  requires  500  and  1 500  photons/pixel  at  the  photocathode 
to  generate  an  SNR  of  1  at  the  HeCd  and  HeNe  wavelengths, 
respectively.  Considering  that  a  CCD  pixel  projected  onto 
the  photocathode  is  26  X  10'^  mm“,  the  minimum  detectable 
signal  at  the  9-  X  8-mm  photocathode  is  thus  19  X  10^  and 
58  X  10^  photons/mm“  at  442  and  632  nm,  respectively.  Such 
quantities  of  photons  must  be  deposited  on  the  photocathode 
w'ithin  the  exposure  time  of  each  image. 


centered  at  590  nm.  The  image  converter  was  equipped  with 
a  50-mm  AF  Nikkor  lens  set  to  //5.6.  The  recording  time  for 
the  entire  image  set  was  less  than  1.4  [jls,  whereas  charac¬ 
teristic  flow  times  for  the  smallest  resolved  length  scales  were 
of  the  order  of  tens  of  milliseconds.  For  our  exposure  times, 
the  natural  orange-yellow  soot  emissions  fall  far  below  the 
detection  threshold,  so  only  the  PPS  was  imaged.  Signal 
levels  are  as  high  as  14,000  CCD  electrons/pixel. 

The  images  of  Fig.  7  also  illustrate  the  electrodynamic 
image  distortions  that  are  inherent  with  high-speed  operation 
of  the  image  converter  camera.  These  distortions  are  most 
evident  in  the  vertical  lines  comprising  the  laser  sheet  mon¬ 
itor,  which  should  be  straight,  yet  they  are  mildly  curved. 
Notice  each  verticctl  line  is  attracted  toward  the  bright  portions 
of  the  flame  image.  This  is  due  to  an  electrodynamic  attractive 
force  arising  from  high  photoelectric  currents  within  the  im¬ 
age  converter.  A  digital  image  post  processor  is  under  de¬ 
velopment  to  correct  this  distortion. 

Figure  8  shows  volume  renderings  of  the  same  image  set 
after  correcting  for  laser  sheet  variations  and  after  stacking 
the  images.  The  purpose  of  the  renderings  is  to  reveal  surface 
topology  and  characteristic  lengths  of  a  variety  of  flame  fea¬ 
tures  that  are  not  apparent  in  the  unrendered  data.  The  flame 
was  produced  with  a  rifled  nozzle;  note  the  swirling  character 
is  only  vaguely  evident  in  any  single  2-D  image,  however, 
the  swirling  character  is  plainly  evident  across  the  unrendered 
image  set,  and  vividly  evident  as  the  braided  legs  of  the 
volume  rendering. 

4.2  Instantaneous  3-D  PPS:  Acetylene  Flame 

A  second  demonstration  of  3-D  PPS  examined  soot  formcttion 
in  a  20-cm-tall  acetylene  Jet  diffusion  flame  with  Re^  ==  5000. 
The  flame  was  scanned  with  0.7  mm  between  successive 
frames,  enabling  a  full  traverse  of  the  flame.  The  photo¬ 
cathode  was  equipped  with  a  50-mm  AF  Nikkor  lens  set  to 
//5.6,  and  the  laser  pulse  energy  was  set  to  approximately 
5  J.  Figure  9  shows  a  typical  image  set  on  the  left  and  volume 
renderings  on  the  right.  Signal  levels  are  as  high  as  12,000 
CCD  electrons/pixel.  Note  that  almost  any  of  the  2-D  images 
taken  alone  suggest  an  axisymmetric  Jet  mode  with  periodic 
burnout.  Yet  the  complete  image  set  and  especially  the  vol¬ 
ume  renderings  show  the  axial  mode  is  not  axisymmetric, 
and  in  fact,  the  3-D  data  shows  no  periodic  burnout. 

4.3  Instantaneous  3-D  PLIF:  Acetone-Seeded  Jet 


4  3-D  Results 

We  have  demonstrated  the  potential  of  the  system  for  making 
instantaneous  3-D  mecisurements  using  planar  particulate 
scattering  (PPS)  from  naturally  occurring  soot  particles  and 
planar  laser-induced  fluorescence  (PLIF)  from  seeded  ace¬ 
tone.  Other  visualization  approaches  are  planned  for  the  fu¬ 
ture.  The  intent  here  is  to  illustrate  the  potential  quality  of 
the  imaging  results. 

4.1  Instantaneous  3-D  PPS:  Ethylene  Flame 

Figure  7  is  an  unprocessed  14-frame  3-D  PPS  image  set 
showing  the  top  10  cm  of  a  15-cm-tall  swirling  ethylene 
diffusion  flame  with  Rep  =  3000.  The  scan  distance  between 
successive  frames  was  set  to  1 . 1  mm  to  enable  a  full  traverse 
across  the  flame  with  14  frames.  The  sheet  thickness  was 
approximately  1  mm,  the  total  sheet  energy  was  3  J  and  was 


To  demonstrate  the  potential  of  the  system  for  3-D  PLIF,  we 
have  examined  a  nonreacting  flow  of  air  seeded  with  acetone. 
The  flow  was  a  Jet  from  a  straight  nozzle  1 .7  mm  in  diameter 
at  conditions  ranging  from  laminar  to  fully  turbulent  with 


Fig.  8  Volume  rendering  of  the  instantaneous  3-D  data  shown  in 
Fig.  7.  Volume  rendering  is  based  on  an  isosigna!  surface  from  the 
3-D  measurement  and  is  progressively  rotated  to  illustrate  the  3-D 
character  of  the  data. 
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INSTANTANEOUS  3-D  FLOW  VISUALIZATION 


Fig.  9  Unprocessed  image  set  and  rendered  images  of  an  acetylene 
diffusion  flame.  Flow  visualization  is  by  planar  particulate  scattering 
from  naturally  occurring  soot  particles.  Total  image  set  recording 
time  is  1.4  |jls. 


Fig.  10  Instantaneous  3-D  data  of  an  acetone-seeded  nonreacting 
jet  at  various  flow  conditions  from  laminar  to  turbulent.  Visualization 
is  by  planar  laser-induced  fluorescence  of  acetone  pumped  by  ultra¬ 
violet  illumination  at  285  nm. 


Fig.  11  Volume  renderings  of  the  transitional  flow  shown  in  Fig.  10. 
Renderings  are  based  on  isosignal  surfaces,  the  isosignal  value  pro¬ 
gressively  raised  as  a  percentage  of  the  maximum  signal. 


seeding  accomplished  by  first  bubbling  the  flow  through  an 
acetone  liquid  reservoir.  The  acetone  concentration  corre¬ 
sponds  to  the  saturation  pressure  at  room  temperature.  To 
optically  pump  the  acetone,  the  dye  laser  was  tuned  to  570 
nm  and  then  frequency  doubled  to  285  nm,  which  is  near  the 
peak  of  the  acetone  absorption  curve.^  The  UV  pulse  energy 
was  approximately  300  mJ,  and  the  scan  distance  between 
frames  was  set  to  0.7  mm.  The  photocathode  was  equipped 
with  a  50-mm  AF  Nikkor  lens  set  of  //1. 2,  and  the  imaged 
region  was  2.5-cm  tall  beginning  0.5  cm  downstream  from 
the  nozzle  exit.  Figure  10  shows  partially  processed  3-D 
image  sets  for  three  flow  conditions.  Signal  levels  are  as  high 


as  7000  CCD  photoelectrons/pixel.  Figure  1 1  shows  the  tran¬ 
sitional  flow  data  after  volume  rendering  of  various  isosignal 
surfaces,  which  vividly  illustrate  the  topology  of  the  mixing 
and  the  characteristic  lengths  of  a  variety  of  structures  at 
successive  depths  within  the  flow. 


5  Summary 

This  work  has  demonstrated  several  advances  in  rapid  ac¬ 
quisition  of  multiple  planar  flow  images  for  flow  visualization 
in  three  dimensions.  Specifically,  this  work  has  demonstrated 
that  an  image  converter  coupled  to  a  CCD  by  fiber  optics  is 
an  effective  means  for  rapid  planar  flow  image  acquisition. 
The  fiber  optics  provide  2.5  times  the  coupling  efficiency  of 
an  ideal  lens-coupled  CCD  system  without  reducing  the  sys¬ 
tem  resolution.  This  work  has  also  demonstrated  a  means  for 
temporally  resolved  laser  sheet  monitoring  by  recording  in¬ 
stantaneous  sheet  profiles  along  with  each  flow  visualization 
image.  This  allows  corrections  to  the  planar  flow  images 
using  the  sheet  intensity  at  the  exact  moment  each  planar 
flow  image  was  collected.  For  3-D  flow  visualization,  the 
laser  sheet  must  be  rapidly  swept  across  the  flow.  This  work 
has  demonstrated  a  30,000  rpm  polygon  scanner  with  an 
adjacent  stationary  mirror  can  provide  sweep  distances  of 
over  1  mm  between  frames  collected  at  10^  images/s.  This 
allows  a  measurement  volume  of  several  centimeters  in  depth. 
Through  measurements  gathered  with  this  system,  potential 
signal  levels  and  image  quality  have  been  demonstrated  via 
3-D  soot  scattering  and  3-D  planar  laser-induced  fluorescence 
in  several  flows.  The  merits  of  3-D  flow  information  were 
apparent  as  even  simple  3-D  volume  rendering  of  the  mea¬ 
surements  nrovided  insishts  into  these  flows. 
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Temperature-Dependent  Collision-Broadening  Parameters 
of  H2O  Lines  in  the  1 .4-/um  Region  Using  Diode  Laser 
Absorption  Spectroscopy 
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Spectrally  resolved  measurements  of  water  vapor  absorption  spectra  near  1 .4  ^m  have  been 
performed  with  a  tunable,  distributed-feedback  InGaAsP  diode  laser.  A  lineshape  analysis  was 
used  to  infer  the  collision-broadening  coefficient  of  1 1  rovibrational  transitions  in  the  pj  +  1/3  and 
2vi  vibration  bands  perturbed  separately  by  N2,  O2,  CO2,  and  H2.  The  temperature  dependence 
of  the  broadening  coefficients  was  determined  using  a  temperature-controlled  static  cell  and  a 
pressure-driven  shock  tube  over  the  range  300- 1 200  K.  The  measured  coefficients  are  in  good 
agreement  with  the  previous  calculations  of  Delaye.  Also,  agreement  is  found  between  prior 
experimental  data,  obtained  for  the  same  rotational  transitions  but  different  vibration  bands,  and 
our  results.  ©  1994  Academic  Press,  Inc. 

INTRODUCTION 

Radiative  properties  of  water  vapor  in  the  infrared  spectrum  are  important  in  a 
variety  of  applications,  including  atmospheric  sounding  experiments,  radiative  sensing 
of  combustion  processes,  and  optical  diagnostics  for  gasdynamic  and  aerodynamic 
studies.  Spectroscopic  parameters  that  determine  the  radiative  properties  of  molecules 
include  the  line  intensity,  S{T),  the  line  center  position,  vq,  and  the  line  width,  d{T, 
P)  (in  this  paper  all  linewidths  will  be  considered  as  the  halfwidth  at  half  maximum, 
HWHM),  and  its  associated  shape  profile, 

Collision-broadening  coefficients  of  H2O  have  been  studied  in  several  spectral  regions 
(see  Ref.  (7)  and  references  within).  For  example,  Grossman  and  Browell  (2,  3)  have 
measured  the  collision-broadening  coefficient  of  H2O,  when  perturbed  by  itself,  air, 
O2,  and  N2,  near  720  nm.  Wilkerson  et  al  {4)  have  measured  the  N2-broadening 
coefficient  in  the  same  spectral  region.  Mandin  et  al  (5-7)  measured  the  N2-broadening 
coefficient  of  lines  between  500  and  1200  nm.  More  recently,  Arroyo  and  Hanson  {8) 
measured  the  Voigt  parameter  for  several  H2O  transitions  near  1.4  pm  broadened 
by  H2O  and  air,  and  Langlois  et  al  (9),  measured  the  self-broadening  coefficient  for 
several  lines  near  1.4  pm.  The  room-temperature  self-broadening  coefficients  have 
been  measured  and  calculated  for  mid-IR  transitions  (see  Ref.  (70)  and  references 
within ) .  Finally,  the  temperature  dependence  of  the  collision-broadening  coefficient 
for  H2O  transitions  has  been  investigated  in  a  theoretical  study  (77).  Few  measurements 
of  the  H2O  collision-broadening  coefficients  near  1.4  pm  have  been  reported  (9,  70, 
72).  The  values  used  in  the  above-mentioned  applications,  or  those  listed  in  current 
data  bases,  are  the  measured  or  calculated  values  transferred  from  other  vibration 
bands  to  the  ones  of  interest,  for  equivalent  rotational  transitions. 

EXPERIMENTAL  DETAILS 

InGaAsP  diode  lasers  emit  at  wavelengths  between  1.3  and  1.6  pm.  These  semi¬ 
conductor  lasers  are  attractive  light  sources  for  spectroscopy  owing  to  their  compactness. 
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ruggedness,  cost-effectiveness,  and  compatibility  with  fiberoptics.  The  present  exper¬ 
iment  uses  a  distributed  feedback  InGaAsP  semiconductor  laser  ( Anritsu  Corporation) 
that  emits  monochromatic  radiation  in  the  1.382-1.384  jum  wavelength  region. 

The  laser  is  driven  by  an  ILX  Lightwave  LDC-3722  controller.  The  laser  has  a 
nominal  output  of  5  mW  (at  1382  nm)  at  an  injection  current  of  70  mA  and  a  laser 
temperature  of  25°C.  Previous  tests  performed  on  this  laser  (9)  have  characterized  its 
output.  In  order  to  attain  the  wavelengths  of  interest  in  the  present  study,  diode  tem¬ 
peratures  between  20  and  40°C  were  used.  A  mean  injection  current  of  70  mA  with 
a  superimposed  triangular  current  profile  of  amplitude  ±35  mA,  and  repetition  fre¬ 
quency  of  10  kHz  results  in  the  desired  tuning  range  of  60  GHz. 

In  this  work  the  laser  is  used  in  two  experimental  setups  (see  Fig.  1);  the  first 
incorporates  a  static  cell  (9),  the  second  a  shock  tube  {13).  The  static  cell  provides 
an  environment  whose  pressure  and  temperature  are  known  very  accurately,  but  viton 
O-rings  within  the  cell  limit  its  maximum  temperature  to  450  K,  The  shock  tube 
enables  extension  of  this  temperature  to  much  higher  values,  sufficient  to  cause  dis¬ 
sociation  of  the  H2O;  as  both  the  temperature  and  pressure  are  calculated  from  mea¬ 
sured  shock  speeds,  their  values  are  known  with  somewhat  lower  accuracy.  The  de¬ 
scription  of  the  experimental  setup  will  continue  by  describing  the  static  cell,  the  shock 
tube,  the  optical  components,  and  the  method  of  data  acquisition. 

Static  Cell 

The  1 5.24-cm-long  static  cell  consists  of  a  3. 1 7-cm-thick  copper  sleeve  surrounding 
an  aluminum  tube  which  has  an  outer  diameter  of  4.45  cm  and  an  inner  diameter  of 
2.54  cm.  BK7  windows  are  attached  to  the  aluminum  tube  with  rubber  O-rings  forming 
the  gasket.  Resistive  heating  elements  raise  the  temperature  in  the  cell  up  to  450  K, 
with  a  temperature  deviation  along  the  cell  of  less  than  1  K.  An  MKS  Baratron  gage, 
with  a  full-scale  deflection  of  1  atm,  measures  the  pressure  in  the  cell  with  an  accuracy 
of  ±1%  over  the  experimental  pressure  range.  A  mechanical  pump  evacuates  the  cell 
to  0.01  Torr.  At  this  pressure  no  absorption  due  to  residual  gas  can  be  detected. 
Distilled  water  contained  in  a  flask  connected  to  the  cell  provides  a  source  of  water 


Purged  area 


Fig.  1.  Experimental  schematic  for  the  present  work. 
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vapor.  The  flask  is  pumped  down  for  1  hr  prior  to  measurements  to  remove  all  gaseous 
impurities.  Static  cell  experiments  were  conducted  at  temperatures  between  290  and 
400  K  and  pressures  between  0.007  and  1  atm.  Several  different  concentration  ratios 
of  H2O  to  its  perturber  species  were  used. 

Shock  Tube 

The  15.24-cm-diameter  shock  tube  has  a  2.3-m-long  driver  section  and  a  10.5-m 
driven  section.  CaF2  windows  permit  optical  access  to  the  flow  at  an  angle  of  90°  to 
the  tube  axis.  Gas  absorption  was  measured  behind  the  pressure-driven  incident  shock 
wave.  The  driver  section  was  filled  with  high  pressure  helium,  and  polycarbonate 
diaphragms  were  used  to  separate  the  driver  from  the  driven  section.  Four  gas  mixtures 
were  used  to  fill  the  driven  section:  H2O  with  O2,  H2O  with  CO2,  H2O  with  H2,  and 
H2O  with  N2.  Diaphragm  thicknesses  varied  between  0.1  and  0.4  mm,  as  needed  to 
generate  the  required  post-shock  conditions  in  the  test  section.  A  series  of  thin  film 
gauges  located  on  the  shock  tube  walls  measures  the  shock  speed.  Temperatures  behind 
the  shock  were  between  600  and  1200  K,  with  pressures  ranging  between  0.1  and  0.4 
atm.  The  post-shock  conditions  were  determined  using  the  Rankine-Hugoniot  relations 
(74);  a  code  similar  to  that  described  by  Gardiner  ct  ai  {15)  was  used  for  this  cal¬ 
culation. 

Optical  Components 

For  clarity,  the  optical  setup  will  be  described  by  following  the  optical  path  of  the 
laser  (Fig.  1 ).  Initially  the  laser  beam  is  collimated  by  a  6-mm  focal-length  lens  with 
a  broadband  antireflection  coating.  The  parallel  beam  is  converted  to  two  beams  by 
a  BK7  beam  splitter.  The  first  beam  passes  through  a  low  finesse  solid  etalon  of  2 
GHz  spectral  range  and  is  then  focused  onto  a  detector,  D 1 ,  providing  a  measurement 
of  relative  wavelength  change.  Germanium  photodiodes  (EG&G  J-16-18A-R01M) 
function  as  detectors  for  each  of  the  focused  laser  beams.  The  second  and  principal 
beam  passes  through  the  static  cell,  or  the  shock  tube  section,  and  is  then  focused  on 
a  detector,  D2.  A  nitrogen-purged  area  (Fig.  I )  eliminates  absorption  due  to  moisture 
present  in  the  room  air. 

Data  Acquisition 

A  Nicolet  4-channel  digital  oscilloscope  acquires  detector  voltages  and  a  reference 
signal,  (/i );  this  reference  signal  is  the  output  from  the  function  generator  driving  the 
laser  controller  (Fig.  1 ).  The  two  other  recorded  signals  are  ( 1 )  the  etalon  signal  {T) 
and  (2)  the  difference  between  the  cell  signal  {O  and  the  reference  signal  (/i),  i.e., 

( Zi/3.1 ) .  An  amplifier  placed  between  the  function  generator  and  the  oscilloscope  ensures 
close  similarity  between  /j  and  C  in  the  absence  of  absorption.  The  signal  A/3.1  is 
recorded  instead  of  C  in  order  to  increase  the  resolution  of  the  recorded  lineshape  on 
the  oscilloscope.  Perturbation  due  to  both  optical  and  electronic  hardware  is  accounted 
for  by  recording  A/3.1,  where  A/3.1  is  the  signal  associated  with  an  evacuated  gas 
section  and  referred  to  as  the  “base  line”  signal. 

The  similarity  of  several  base  line  records,  separated  by  a  period  of  10  min  confirmed 
stability  of  the  diode  laser  and  detectors.  The  transmission  coefficient,  t(j/),  is  related 
to  the  ratio  of  the  cell  signal  (/3)  to  the  evacuated  one  (Z?): 
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T(v)  =  h/Il  (1) 

li  is  obtained  by  the  sum  of  the  reference  signal  Ii  and  the  base  line  A/^i : 

7§  =  A/t, +/,.  (2) 

is  obtained  in  similar  manner: 

/3  =  A/3.1  +/,.  (3) 

The  experimental  transmission  r{v)  can  thus  be  determined  with  Eq.  ( 1 ).  Note  that 
the  reference  signal,  /] ,  by  virtue  of  its  stability  does  not  affect  the  evaluation  of  r(z/). 

Interference  fringes  recorded  from  the  etalon  signal  enable  the  conversion  from 
time  to  frequency.  The  spectral  distance  between  two  extremes,  in  wavenumbers,  is 
given  by 

Aa  =  (2«/)“^  (4) 

where  n  is  the  refractive  index  of  the  material  and  /  is  the  thickness  (cm).  A  fifth- 
order  polynomial  least-squares  fit  is  used  to  describe  the  relationship  between  time 
and  frequency. 


DATA  ANALYSIS 

A  Voigt  profile  analysis  of  the  measured  lineshape  was  used  to  determine  the  ab¬ 
sorption  coefficient,  k(v,T).  Direct  modeling  of  the  absorption  coefficient  determined 
the  line  intensity  and  the  linewidth.  The  linewidth,  d{T,  P),  was  then  determined 
using  the  relationship 

N 

k{v,  r)=  2  S,{T)XP^(v-vo„KT,P)),  (5) 

i=\ 

where  S  is  the  line  intensity,  T  is  the  temperature,  X  is  the  mole  fraction,  P  is  the  total 
static  pressure,  $  is  the  Voigt  profile,  and  N  is  the  number  of  overlapping  lines. 

Our  previous  paper  (9)  describes  explicitly  how  the  experimental  lines  are  identified. 
The  measured  lines  listed  in  Table  I  are  from  the  v\  -V  and  the  2vi  vibration  bands 
of  H2O.  Also  present  in  Table  I  are  other  lines  which  are  close  enough  (0.2  cm“^ )  to 
perturb  the  lines  studied.  These  lines,  as  listed  in  HITRAN  (7),  possess  intensities 
two  orders  of  magnitude  lower  than  those  considered,  and  hence  their  contribution 
to  the  absorption  coefficient  is  neglected. 

In  order  to  extract  the  linewidth,  Eq.  (5)  is  directly  modeled  by  a  nonlinear  least- 
squares  fit  of  the  experimental  data,  with  ,  vq  ,  and  b  as  variables.  The  accuracy  of 
the  experimental  conversion  of  time  to  frequency,  using  the  etalon  signal  and  Eq.  (4), 
has  been  determined.  The  uncertainty  in  the  relative  spectral  separation  is  less  than 
10“^  cm“^  (9).  The  collision-broadened  linewidth  (modeled  as  a  Lorentzian  profile), 
6l,  is  now  determined  using  the  relationship 

a  =  iln2f-^^,  (6) 

where  “a”  is  the  “Voigt  a”  parameter  which,  combined  with  frequency,  characterizes 
the  Voigt  Profile;  6d  is  the  Doppler  width  given  by 

bo  =  3.58  X  lO-'^Po(T,  [Kl/amu)^^^ 


(7) 
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TABLE  I 

Spectroscopic  Parameters  Extracted  from  the  HITRAN  ( /)  Database 
in  the  Spectral  Region  of  Interest 


# 

V 

(em'b 

S  (296  K) 

(cm'hmole.  cin'“) 

E" 

(em'b 

v'  v" 

J'K'aK'c 

1 

7226.023926 

6.33  10-21 

23.794 

101  000 

0 

0 

0 

loi 

7226.324219 

9.70  10-24 

610.341 

101  000 

624 

54, 

7226.379883 

8.50  10-24 

1581.336 

101  000 

1045 

1047 

2 

7227.982910 

2.10  10-21 

383.843 

101  000 

432 

431 

7229.791992 

3.20  10-23 

95.176 

101  000 

2i2 

2]  1 

3 

7230.052246 

9.27  10-22 

95.176 

101  000 

2i2 

2ii 

7230.215820 

4.99  10-24 

1216.194 

200  000 

7.52 

761 

4 

7230.315430 

4.09  10-22 

275.497 

200  000 

422 

4i3 

7230.618164 

5.70  10-24 

446.697 

101  000 

524 

^06 

5 

7320.898398 

6.40  10-21 

382,517 

101  000 

431 

^32 

7230.938965 

1.00  10-23 

1282.919 

101  000 

945 

^36 

6 

7231.358398 

5.99  10-22 

503.968 

101  000 

532 

^33 

7 

7231.828125 

8.00  10-22 

173.365 

200  000 

^21 

^12 

8 

7232.117118  1 

1.40  10-20 

285.419 

101  000 

^31 

^30 

7232.133789 

1.70  10-22 

37.137 

200  000 

2o2 

In 

7232.192871 

7.90  10-23 

782.410 

200  000 

^^34 

^25 

9 

7232.242188 

6.50  10-22 

136.762 

200  000 

^34 

725 

10 

7232.525879 

3.05  10-21 

285.219 

101  000 

^30 

^31 

7232.926758 

1.20  10-24 

1360.236 

200  000 

1^38 

945 

11 

7233.188965 

7.37  10-22 

399.457 

200  000 

^23 

^14 

7233.291992 

2.11  10-23 

982.912 

200  000 

835 

^26 

12 

7233.423340 

5.58  10-21 

212.156 

101  000 

322 

^21 

Note.  Bold  entries  denote  lines  probed  in  the  present  investigation. 


In  the  case  of  water  vapor  mixed  with  a  perturber  Z,  the  temperature  and  pressure 
dependence  of  the  collision-broadened  linewidth,  di^  in  cm"‘ ,  is  given  by  (77) 

ddT,  P)  =  +  yl{To)P^-(To/ Tr\  (8) 

where  7"o  is  300  K,  and  are  the  temperature  dependent  parameters,  and 
and  7l  are  the  collision-broadening  coefficients  for  H2O  when  perturbed  by 
itself  and  Z,  respectively.  From  Eq.  (8),  it  can  be  shown  that 


H2O  COLLISION-BROADENING  COEFFICIENT 


277 


TABLE  II 

Collision-Broadening  Coefficients  (cm~‘  atm“‘)  for  H2O  Perturbed  by 
(a)  N2,  (b)  CO2,  (c)  O2,  and  (d)  H2 


# 

T^^OOOK) 
this  work 

I^^OOOK) 
Ref.  11 

this  work 

Ref.  11 

# 

•yf^OOOK) 
this  work 

^=(300K) 
Ref.  11 

this  work 

Ref.  11 

I 

0.117±0.002 

0.113 

0.7610.06 

0.72  1 

0.07010.001 

0.076 

1.1210.05 

0.65 

2 

0.101±0.004 

0.089 

0.66 

0.66 

2 

0.05510.002 

0.054 

0.9210.14 

0.62 

3 

0.11610.012 

0.108 

0.72 

0.72 

0.06110.006 

0.070 

0.64 

0.64 

4 

0.12910.024 

0.101 

0.70 

0.70 

0.05310.008 

0.057 

0.62 

0.62 

5 

0.08810.005 

0.089 

0.7510.19 

5 

0.04410.002 

0.054 

0.7010.27 

0.62 

6 

0.08810.010 

0.090 

0.66 

0.66 

6 

0.05710.009 

0.060 

0.62 

0.62 

7 

0.10710.009 

0.103 

1.0010.24 

0.69 

7 

0.05710.001 

0.067 

1  0.6910.08 

0.62 

8 

0.09610.005 

0.085 

0.8510.15 

0.63 

8 

0.04510.001 

0.054 

0.7910.07 

0.64 

10 

0.08910.002 

0.085 

0.7710.07 

0.63 

10 

0.04510.001 

0.054 

0.5610.08 

0.64 

11 

0.13310.016 

0.100 

0.9610.40 

0.70 

11 

0.05410.002 

0.063 

0.3310.11 

0.62 

12 

0.11410.005 

0.100 

_ 1 

0.69 

0.69 

12 

0.05610.001 

0.063 

0.8610.06 

0.63 

(a) 

(c) 

# 

Yf^X300K) 
this  work 

Yf:°'(300K) 
Ref.  11 

this  work 

'  Ref.  11 

# 

this  work 

this  work 

1 

0.21210.001 

0.206 

0.7010.03 

0.69 

0.09310.001 

0.8710.04 

2 

0.11510.002 

0.104 

0.4110.07 

2 

0.07010.002 

0.2610.10 

3 

0.16810.003 

0.179 

0.2010.08 

3 

0.10110.006 

1.0210.27 

4 

0.17210.047 

0.173 

0.65 

0.65 

4 

0.12310.010 

1.5010.38 

5 

0.10510.002 

0.104 

0.3710.04 

5 

0.06410.002 

0.3910. 1 1 

6 

0.10610.023 

0.112 

0.49 

0.49 

6 

0.06710.002 

0.2510.10 

7 

0.18710.018 

0.180 

0.7910.27 

0.68 

7 

0.08610.003 

0.4010.10 

8 

0.10110.002 

0.110 

0.4310.04 

0.54 

8 

0.06510.005 

0.7610.25 

10 

0.10410.001 

0.110 

0.4610.03 

0.54 

10 

0.06310.003 

0.3510.13 

11 

0.19610.007 

0.156 

0.7510.12 

0.59 

11 

0.10410.005 

0.7210.20 

12 

0.14910.003 

0.147 

0.5110.05 

0.59 

12 

0.08810.004 

0.6210.16 

(b) 

(d) 

Note.  Values  of  the  parameter  n^,  fixed  at  the  value  recommended  by  Delaye,  are  shown  in  italics. 


TL(ro)(ro/r)"^  =  5L(r,p)/p^-7L^°(7’o)(P»^°/p^)(ro/r)''”^°.  (9) 

All  parameters  on  the  right-side  of  Eq.  (9)  are  known  or  can  be  determined:  P) 

is  found  from  the  Voigt  fit  of  the  experimental  lineshape  and  Eq.  (6);  P,  p^20^ 
and  T  are  measured  in  the  experiment;  is  fixed  to  the  measured  value  of  Ref. 
( 9) ;  Po  is  300  K;  and  n is  fixed  to  the  value  of  Delaye  etal.{ll).  The  two  parameters 
7l  and  are  found,  for  each  transition  studied,  using  a  least-squares  fit  method. 
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When  the  linewidth  can  not  be  accurately  measured  in  the  shock  tube  experiment, 
is  fixed  at  the  value  given  by  Delaye  et  al.,  and  tl  is  then  found  from  the  cell 
data  only. 


RESULTS  AND  DISCUSSION 

Tables  Ila-IId  regroup  the  experimental  determination  of  the  collision-broadening 
coefficient  and  the  temperature-dependence  parameter  for  each  perturber.  The  overall 
uncertainty  in  these  results  is  ±6%  for  yl  and  ±25%  for  Table  II  also  compares 
the  collision-broadening  coefficient,  at  300  K,  and  the  temperature-dependence  coef¬ 
ficient  with  the  calculations  of  Delaye  et  al.  {II).  Good  agreement  (within  5%)  is 
found  for  the  collision-broadening  coefficient,  but  not  for  the  temperature  dependence 
parameter.  For  the  experimental  temperature  range  (296-1200  K),  an  error  in 
induces  a  smaller  error  in  the  collision-broadening  coefficient.  For  example,  at  1000 
K,  an  error  of  20%  in  produces  an  error  of  10%  in 

Figure  2  shows  the  experimentally  determined  collision-broadening  coefficients  for 
line  8  as  functions  of  temperature.  No  systematic  error  can  be  inferred  from  the  plot. 
As  expected,  the  collision-broadening  coefficients  measured  in  the  shock-tube  exper¬ 
iment  are  less  accurate  than  those  in  the  cell.  However,  the  high  temperature  data  are 
important  in  establishing  the  value  of  the  temperature  dependence  parameter. 

Figures  3a  and  3b  compare  the  measured  collision-broadening  coefficients  at  296 
K  with  other  results  {3-7,  17-19).  In  Fig.  3a  the  perturber  is  N2,  in  Fig,  3b  it  is  O2. 
The  comparison  is  made  with  data  from  transitions  having  the  same  rotational  quan¬ 
tum  numbers  but  from  different  vibration  bands.  Two  trends  in  the  broadening  analyses 
are  observed.  First,  the  measured  N2-broadening  coefficients  are  approximately  10% 
larger  than  those  reported  in  previous  investigations.  Second,  the  02’broadening  coef¬ 
ficients  are  approximately  5%  lower  than  those  cited  previously  {3-7,  17-19). 


Fig.  2.  Measured  collision-broadening  coefficient  for  line  8  (Uq  =  7232.242  cm  ’)  as  a  function  of  tem¬ 
perature.  The  solid  lines  represent  least-squares  fits  through  the  data  recorded  for  each  perturber. 
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a 


b 

Fig.  3.  Comparison  of  the  collision-broadening  coefficient  for  H2O  (cm“^  atm“*)  perturbed  by  (a)  N2 
and  (b)  O2  with  previous  measurements.  The  solid  dots,  and  their  error  bars,  represent  values  measured  in 
the  present  work.  The  shaded  regions  represent  the  range  of  values  reported  in  other  studies  {3-7,  16-18) 
for  transitions  having  the  same  rotational  quantum  numbers  in  different  vibration  bands. 


Table  III  compares  the  calculated  air  collision-broadening  coefficient  at  296  K  with 
HITRAN  values.  The  average  deviation  is  less  than  12%,  but  several  deviations  are 
larger.  Previous  measurements  of  this  parameter  for  the  vi  +  1^3  and  2i^3  bands,  for 
different  rotational  transitions,  yielded  results  in  the  range  0.068-0.081  cm“^  atm“‘ 
(72).  As  this  paper  represents  the  first  experimental  measurements  of  this  parameter, 
for  the  transitions  considered,  further  work  to  confirm  our  findings  is  called  for. 

CONCLUSIONS 

In  this  study,  the  collision-broadening  coefficients  of  1 1  rovibrational  lines  from 
the  vi  +  Vs  and  2vi  bands  of  H2O,  when  perturbed  by  N2,  O2,  CO2,  and  H2,  have 
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TABLE  II! 


Comparison  between  the  Experimental  Collision-Broadening  Coef¬ 
ficients  for  H2O  Perturbed  by  Air  (cm“'  atm“‘ ),  and  Those  Listed  in 
HITRAN  (/) 


# 

Yf'(296K) 
this  work 

Yl''(296K) 

Ref.  1 

deviation 

% 

1 

0.109 

0.0778 

40.2 

2 

0.092 

0.0810 

13.9 

3 

0.105 

0.1003 

5.6 

4 

0.114 

0.0924 

23.9 

5 

0.079 

0.0843 

-5.5 

6 

0.082  ' 

0.0778 

5.9 

7 

0.098 

0.0969 

1.3 

8  * 

0.086 

0.0861 

0.03 

10 

0.081 

0.0735 

9.7 

11 

0.118 

0.0948 

24.6 

12 

0.103 

0.0922 

11.8 

Note.  Experimental  values  are  calculated  using  the  parameters  listed 
in  Table  IL  and  the  relation 


yfj  -  0.787^  +  0.217?^  + 

been  determined.  Also,  the  temperature  dependence  of  the  majority  of  these  broadening 
coefficients  have  been  found.  The  overall  scatter  of  the  results  is  ±6  and  ±25%  for  the 
broadening  coefficients  and  the  temperature  dependence,  respectively.  A  comparison 
of  our  results  has  been  made  with  previous  calculations  (77)  and  experimental  work 
(3-8,  17-19).  Good  agreement  (within  5%)  is  found  when  the  collision-broadening 
coefficient  is  compared  with  these  calculations.  A  larger  scatter  (up  to  18%)  is  found 
when  the  comparison  is  made  with  the  prior  experimental  work.  However,  these  prior 
measurements  were  for  the  same  rotational  transitions  but  different  vibrational  bands. 
These  results  are  apparently  the  first  published  measurements  of  the  broadening  coef¬ 
ficients,  and  their  temperature  dependence,  for  H2O  lines  in  the  I.4-^m  range. 
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Diode  Laser  Measurements  of  H2O  Line  Intensities  and 
Self-Broadening  Coefficients  in  the  1  A-^m  Region 

S.  Langlois,  T.  P.  Birbeck,  and  R.  K.  Hanson 

High  Temperature  Gasdynamics  Laboratory,  Department  of  Mechanical  Engineering, 
Stanford  University,  Stanford,  California  94305-3032 

Spectrally  resolved  measurements  of  pure  water  vapor  absorption  spectra  have  been  performed 
with  a  tunable  diode  laser.  The  laser,  a  distributed  feedback  InGaAsP  diode,  emits  in  the  1.4-/xm 
region.  A  total  of  12  lines  were  studied  corresponding  to  rovibrational  transitions  within  the 
-f  and  vibrational  bands.  A  Voigt  profile  analysis  of  lineshape  is  used  to  infer  both  intensities 
and  self-collision-broadening  coefficients  of  the  water  vapor.  Good  agreement  is  found  between 
the  observed  line  intensities  and  those  recently  measured  by  Toth.  These  results  are  apparently 
the  first  published  measurements  of  the  broadening  coefficient  within  this  spectral  range.  ©  1994 
Academic  Press,  Inc. 


INTRODUCTION 

Precise  knowledge  of  water  vapor  radiative  properties  in  the  infrared  spectrum  is 
needed  for  many  applications.  Such  applications  include  atmospheric  sounding  ex¬ 
periments,  radiative  sensing  of  combustion  processes,  and  optical  diagnostics  for  gas- 
dynamic  and  aerodynamic  studies.  The  following  spectroscopic  parameters  are  required 
to  quantify  radiative  properties  of  molecules:  line  intensity  Si(T),  line  position  vq, 
and  the  linewidth  5(  T,  P)  (in  this  paper  all  linewidths  are  considered  as  the  halfwidth 
at  half  maximum)  and  its  associated  shape  profile  These  spectroscopic  parameters 
have  received  great  attention  in  several  spectral  regions  ( see  Ref  ( 7 )  and  references 
within).  For  example,  in  the  near-IR,  line  intensity  and  spectral  positions  have  been 
experimentally  determined  recently  by  Toth  (2),  and  by  Mandin  et  ai  (5)  for  weak 
intensity  lines,  near  1.4  pm,  and  by  Grossman  and  Browell  (^)  in  the  720-nm  wave¬ 
length  region;  the  intensity  and  spectral  position  of  lines  between  the  microwave  and 
the  mid-IR  region  have  been  measured  by  Flaud  and  Camy-Peyret  (5). 

The  collision-broadening  coefficient  has  received  equal  attention:  Grossman  and 
Browell  {4,  6)  have  measured  the  collision-broadening  coefficient  of  H2O  when  per¬ 
turbed  by  itself,  air,  O2,  and  N2  in  the  720-nm  wavelength  region.  Arroyo  and  Hanson 
( 7)  have  measured  the  Voigt  “a”  parameter  for  several  transitions  broadened  by  H2O 
and  air,  near  1 .4  pm,  and  room  temperature  self-broadening  coefficients  have  been 
measured  and  calculated  for  mid-IR  transitions  (see  Ref  (8)  and  references  within). 
Finally,  the  dependence  of  the  collision-broadening  coefficient  on  temperature  has 
also  been  investigated  (9).  To  our  knowledge,  the  only  available  measurements  of  the 
collision-broadening  coefficient  of  water  vapor  in  the  1  A-pm  region  are  those  given 
by  Arroyo  and  Hanson  ( 7).  The  values  used  in  the  above-mentioned  applications,  or 
those  listed  in  current  data  bases,  are  the  measured  or  calculated  values  transferred 
from  other  vibrational  bands  to  the  ones  of  interest,  for  equivalent  rotational  transitions. 

The  purpose  of  the  present  experiment  is  to  determine  the  line  intensity  and  the 
self-collision-broadening  coefficient  of  water  by  measuring  the  absorption  coefficient, 
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k{v,  T),  in  the  1.4-jum  wavelength  region.  These  quantities  are  needed  in  conjunction 
with  other  work  in  our  laboratory  to  develop  absorption  diagnostic  techniques  for 
applications  in  combustion  and  high-speed  gas  dynamics  ( 7,  JO).  The  parameters  of 
interest  are  determined  using  the  relationship 

N 

k(v,  T)=  Y  S,{T)XP^{v-  vo_ro{T,P)),  (1) 

/=  1 

where  X  is  the  mole  fraction,  P  the  total  static  pressure,  and  N  the  number  of  over¬ 
lapping  lines. 

Room  temperature  GaAlAs  and  InGaAsP  diode  lasers  emit  in  the  near-IR  region, 
making  them  candidate  sources  for  absorption  measurements.  GaAlAs  diode  lasers 
emit  at  wavelengths  near  0.7  ;um,  whereas  InGaAsP  diode  lasers  emit  at  wavelengths 
between  1.3  and  1.6  These  semiconductor  lasers  have  the  advantages  of  being 
compact,  rugged,  cost-effective,  and  compatible  with  fiberoptics.  The  present  experi¬ 
ment  uses  an  InGaAsP  semiconductor  laser  which  emits  in  the  1.382-  to  1.384-^m 
wavelength  region.  A  1 5.24-cm  long  cell,  heatable  to  400  K,  contains  the  water  vapor. 
The  next  section  of  this  paper  describes  the  experimental  setup.  This  apparatus  has 
been  used  previously  in  conjunction  with  flame  and  shock  tube  experiments  (7,  JO) 
aimed  at  demonstrating  techniques  for  simultaneous  determination  of  concentration, 
pressure,  temperature,  and  velocity  of  gaseous  mixtures.  The  following  section.  Anal¬ 
ysis,  briefly  discusses  several  available  methods  of  data  analysis  which  can  be  used  to 
determine  the  absorption  coefficient,  concentrating  on  the  method  of  choice.  In  order 
to  extract  spectroscopic  information  on  water  vapor,  Eq.  ( 1 )  is  directly  modeled  by  a 
nonlinear  least-squares  fit  of  the  experimental  data.  An  important  assumption,  verified 
experimentally,  is  that  the  instrumental  lineshape  function  of  the  diode  laser  is  suffi¬ 
ciently  narrow  to  be  neglected.  The  use  of  a  Voigt  profile  in  describing  the  spectroscopic 
lineshape  is  also  justified.  The  final  section,  Results,  discusses  our  findings  and  their 
relevance. 


EXPERIMENTAL  DETAILS 

Monochromatic  radiation  is  provided  by  a  distributed  feedback  InGaAsP  diode 
laser  (custom  fabricated  by  Anritsu  Corp.).  The  laser  is  driven  by  an  ILX  Lightwave 
LDC-3722  controller.  The  laser  has  a  nominal  output  of  5  mW  at  1 382  nm  at  a  driving 
current  of  70  mA  and  a  laser  temperature  of  25°C. 

A  Jarrell-Ash  0.5-m  monochromator  is  used  to  characterize  the  laser  diode.  Placed 
before  the  output  slit  of  this  monochromator  is  a  mirror  attached  to  a  galvanometer. 
The  galvanometer  imposes  small  angular  oscillations  upon  the  mirror  at  selected  fre¬ 
quencies  of  oscillation  between  0  and  100  Hz.  This  arrangement  permits  real-time 
monitoring  of  laser  emission  over  ±0.5  nm.  Recorded  spectra  for  different  conditions 
of  laser  temperature  and  driving  currents  are  shown  in  Fig.  1;  these  spectra  illustrate 
the  single-mode  characteristics  of  the  diode.  The  side  mode  suppression  ratio  (SMSR), 
in  decibels,  is  defined  as 

SMSR  = -101og(/J/„),  (2) 

where  4  and  correspond  to  the  side  and  main  mode  intensities.  It  is  found  that  the 
laser  diode  gives  rise  to  typical  SMSR  values  of  20  dB  for  the  following  conditions: 
diode  temperatures  between  20  and  40°C  and  driving  currents  between  20  and 
100  mA. 
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relative  wavelength  (nm)  relative  wavelength  (nm) 


Fig  .  1 ,  Diode  laser  radiation  spectra  recorded  through  a  monochromator  for  different  diode  temperatures 
and  driving  currents. 

In  order  to  specify  the  relative  wavelength  of  these  signals,  the  monochromator 
scanning  oscillations  must  be  calibrated.  First,  the  mirror  is  fixed,  the  blazed  2.6-^im 
grating  (used  in  2nd  order)  is  scanned  at  100  nm/sec,  and  the  laser  emission  is  recorded. 
These  data  establish  the  wavelength  difference  for  the  two  side  modes,  which  is  then 
used  to  calibrate  the  relative  wavelength  scale  with  an  oscillating  mirror.  Using  this 
calibration,  the  relationships  between  the  laser  emission  frequency  and  both  driving 
current  and  diode  temperature  are  determined.  The  emission  frequency  is  linear  with 
respect  to  both  parameters  (see  Fig.  2),  the  constants  of  proportionality  being  0.103 
nm/°C  and  0.0095  nm/mA  for  diode  temperature  and  driving  current,  respectively. 

For  clarity,  the  experimental  setup  for  the  absorption  experiments,  as  shown  in  Fig. 
3,  is  described  by  following  the  optical  path  of  the  laser.  The  laser  beam  is  collimated 
by  a  6-mm  focal  lens  with  a  broadband  antireflection  coating.  The  parallel  beam  is 
then  split  in  three  by  BK7  beam  splitters.  The  first  beam  passes  through  a  low-finesse 
solid  etalon  of  2  GFIz  spectral  range  and  is  then  focused  onto  a  detector,  D2,  providing 
a  measurement  of  relative  wavelength  change.  Germanium  photo  diodes  (EG&G  J- 
16-18A-R01M)  function  as  detectors  for  each  of  the  focused  laser  beams.  The  second 
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current  (mA) 

Fig.  2.  Wavelength  change  of  the  diode  laser  radiation  with  both  diode  temperature  and  driving  current. 
Open  circles,  experimental  results;  solid  line,  linear  fit. 


beam  is  directly  focused  onto  a  detector,  Dl,  which  serves  as  a  reference  intensity 
monitor.  The  third  and  principal  beam  passes  through  a  15.24-cm-long  heated  cell 
and  is  then  focused  on  a  detector,  D3. 

The  cell  consists  of  a  3.17-cm  thick  copper  tube  surrounding  an  aluminum  tube 
possessing  an  outer  diameter  of  4.45  cm  and  an  inner  diameter  of  2.54  cm.  BK7 
windows  are  attached  to  the  aluminum  tube.  Electrical  elements  allow  heating  of  the 
cell  to  400  K.  The  high  heat  conduction  of  copper  coupled  with  an  insulating  blanket 
dictates  a  uniform  temperature  within  the  cell.  Two  type-T  thermocouples  in  contact 
with  the  aluminum  tube  measure  temperature.  Over  a  separation  distance  of  10  cm, 
the  thermocouples  record  less  than  a  1  K  temperature  difference  in  the  cell  at  400  K. 
A  MKS  Baratron  gauge,  with  a  full-scale  deflection  of  1  atm,  measures  the  pressure 
in  the  cell  with  an  accuracy  of  ±  1%  over  the  experimental  pressure  range.  A  mechanical 
pump  evacuates  the  cell  to  0.01  Torr.  At  this  pressure  no  absorption  due  to  residual 
gas  can  be  detected,  implying  that  the  vacuum  is  sufficient.  Distilled  water  contained 
in  a  flask  connected  to  the  cell  provides  a  source  of  water  vapor.  The  flask  is  pumped 
down  for  1  hr  prior  to  measurements  to  remove  all  impurities. 

A  mean  driving  current  of  70  mA  with  a  superimposed  triangular  current  profile 
of  10  Hz  and  amplitude  ±35  mA  results  in  the  desired  range  of  spectral  frequency, 
about  60  GHz,  at  driving  frequency  of  10  kHz.  However,  using  the  current  tuning 
rate  given  in  Fig.  2,  a  spectral  range  of  105  GHz  is  expected.  It  is  found  that  the 
response  of  the  diode  to  current  is  dependent  on  the  driving  frequency;  the  tuning 
rate  given  in  Fig.  2  is  calculated  from  nonmodulating  driving  currents.  Figure  4  shows 
the  change  in  the  diode  spectral  scan  range  for  different  driving  currents.  The  current 
profiles  have  the  same  amplitude  (70  mA)  but  different  frequencies.  It  is  found  that 
the  diode  frequency  range  decreases  with  the  tuning  current  frequency. 
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Fig.  3.  Experimental  schematic  for  the  heated  cell  absorption  experiments. 


In  order  to  cover  all  available  wavelengths,  data  are  taken  at  four  diode  temperatures 
between  20  and  40  °C.  The  cell  conditions  are  comprised  of  four  temperatures  between 
290  and  400  K,  and  five  pressures  up  to  0.03  atm  (23  Torr), 

A  Nicolet  four-channel  oscilloscope  acquires  detector  output  voltages  (Fig.  5).  The 
three  recorded  signals  are  ( 1 )  the  etalon  signal  (/2);  (2)  the  reference  signal  (/i),  and 


Fig.  4.  Change  of  the  diode  spectral  scan  range  with  the  driving  current  frequency;  the  current  profile  is 
triangular  with  an  amplitude  of  70  mA.  Open  circles,  experimental  results;  solid  line,  best  fit  of  the  relationship 
A  +  B  ln(x). 
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times  (s) 

Fig.  5.  Raw  data  as  recorded  on  a  single  oscilloscope  sweep. 


(3 )  the  difference  between  the  cell  signal  (Z,)  and  the  reference  signal  (/, ),  i.e.,  ( A/,-, ). 
An  amplifier  connected  to  detector  D3  ensures  similarity  between  /,  and  h.  A  min¬ 
imized  equal  optical  path  length  in  air  to  D1  and  D3  reduces  signal  perturbation  from 
air  absorption.  The  signal  A/j^,  is  recorded  instead  of  h  in  order  to  increase  the 
resolution  of  the  recorded  lineshape  on  the  oscilloscope.  Perturbation  due  to  both 
optical  and  electronic  hardware  is  accounted  for  by  recording  A/^-i,  where  A/®-,  is 
the  signal  associated  with  an  evacuated  cell  and  referred  to  as  “baseline.” 

The  similarity  of  several  baseline  records,  separated  by  a  time  period  of  10  min, 
confirmed  the  stability  of  the  diode  radiation.  The  transmission  coefficient,  t{v),  of  a 
stable  signal  is  related  to  the  ratio  of  the  cell  signal  (/,)  to  the  evacuated  cell  signal 
(/^): 

r{p)  =  h/ll  (3) 

7°  is  obtained  by  the  sum  of  the  reference  signal  /|  and  the  baseline  A/^.j : 


n  =  A/§.,  +  7, 


I3  is  obtained  in  similar  manner; 


73  =  A73_,  +7,  (5) 

The  experimental  transmission  T(r)  can  thus  be  determined  with  Eq.  (3).  Note  that 
the  reference  signal,  7| ,  by  virtue  of  its  stability  does  not  affect  the  evaluation  of  t{v). 

Interference  fringes  recorded  from  the  etalon  signal  enable  the  conversion  from 
time  to  spectral  frequency.  The  spectral  distance  between  two  extremes,  in  hertz,  is 
given  by 
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Act  =  c/ilirnl),  (6) 

where  n  is  the  refractive  index  of  the  material,  /  is  the  thickness,  and  c  is  the  speed  of 
light.  A  fifth-order  polynomial  least-squares  fit  is  used  to  describe  the  relationship 
between  time  and  frequency. 

DATA  ANALYSIS 

The  nominal  laser  wavelength  is  1383  nm  (70  mA,  25°C).  The  available  range  of 
diode  temperature  and  driving  current  dictate  the  spectral  domain  of  interest  (1381- 
1385  nm).  A  line-by-line  method,  using  HITRAN  (7)  as  a  data  source,  is  used  to 
calculate  a  theoretical  spectrum  within  this  domain.  Graphical  comparison  of  the 
theoretical  spectrum  with  the  experimental  spectrum  identifies  the  experimental  lines. 
An  example  of  this  process  is  shown  in  Fig.  6.  The  measured  lines  are  listed  in  Table 
I;  these  lines  are  from  the  I'l  +  vj  or  the  2vi  vibrational  bands  of  FI2O. 

Before  determining  the  intensity  and  the  collision-broadening  coefficient  of  the 
above  experimental  lines,  the  accuracy  of  the  experimental  conversion  from  time  to 
frequency,  using  1 2  and  Eq.  (6),  must  be  determined.  The  etalon  signal  is  perturbed 
by  the  evolution  in  amplitude  of  the  diode  radiation,  causing  a  shift  in  spectral  position 
of  the  fringes.  However,  the  fringe  thickness  is  so  small  that  this  shift  can  be  neglected. 
Comparison  between  experimental  absorption  line  separations  of  several  line  pairs 
with  Toth  (2)  (see  Table  II)  supports  our  method  of  time-to-frequency  conversion. 
We  find  discrepancies  with  HITRAN  (7)  ranging  from  0.1  to  1.0  cm  ' . 

The  line  intensity  can  be  inferred  from  transmission  data  by  at  least  three  methods. 
The  first  method  ( Method  1 ) ,  based  on  a  measurement  of  the  equivalent  width,  uses 
direct  integration  of  t{v)  to  determine  the  intensity.  The  primary  advantage  of  this 
method  is  that  the  result  is  independent  of  the  instrumental  lineshape  function.  As  a 
consequence,  errors  are  not  introduced  by  neglecting  this  perturbation.  However,  this 
advantage  is  compromised  by  introduction  of  errors  associated  with  the  baseline  and 
contributions  of  adjacent  lines. 


Fig.  6.  Graphical  comparison  between  experimental  spectra  (dotted  lines)  at  a  water  vapor  pressure  of 
0.015  atm.  and  a  temperature  of  373  K,  and  a  line-by-Iine  calculation  (solid  lines)  for  the  same  conditions. 
Absorption  lines  are  numbered  as  in  Table  1. 
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TABLE  I 

Spectroscopic  Parameters  Extracted  from  HITRAN  (7)  in  the  Spectral 
Region  of  Interest 


# 

V 

(cm'b 

8(296  K) 

E" 

(cm"  ^ ) 

v’  v" 

■’’K'aK'c 

J"K"aK'V 

1 

7226.023926 

6.33  10-21 

23.794 

101  000 

Ooo 

loi 

7226.324219 

9.70  10-24 

610.341 

101  000 

^24 

^41 

7226.379883 

8.50  10-24 

1581.336 

101  000 

1046 

IO47 

2 

7227.982910 

2.10  10-21 

383.843 

101  000 

"*32 

431 

7229.791992 

3.20  10-23 

95.176 

101  000 

2i2 

2ii 

3 

7230.052246 

9.27  10-22 

95,176 

101  000 

2i2 

2ii 

7230.215820 

4.99  10-24 

1216.194 

200  000 

^52 

761 

4 

7230.315430 

4.09  10-22 

275.497 

200  000 

^22 

4i3 

7230.618164 

5.70  10-24 

446.697 

101  000 

^24 

6o6 

5 

7320.898398 

6.40  10-21 

382.517 

101  000 

^31 

^32 

7230.938965  | 

1.00  10-23 

1282.919 

101  000 

^45 

936 

6 

7231.358398 

5.99  10-22 

503.968 

101  000 

^32 

^33 

7 

7231.828125 

8.00  10-22 

173.365 

200  000 

321 

3i2 

8 

7232.117118 

1.40  10-2® 

285.419 

101  000 

331 

^30 

7232.133789 

1.70  10-22 

37.137 

200  000 

2o2 

In 

7232.192871 

7.90  10-23 

782.410 

200  000 

734 

'^25 

9 

7232.242188 

6.50  10-22 

136.762 

200  000 

'^34 

'^25 

10 

7232.525879 

3.05  10-21 

285.219 

101  000 

^30 

^31 

7232.926758 

1.20  10-24 

1360.236 

200  000 

1^38 

945 

11 

7233.188965 

7.37  10-22 

399.457 

200  000 

S23 

^14 

7233.291992 

2.11  10-23 

982.912 

200  000 

835 

^26 

12 

7233.423340 

5.58  10-21 

212.156 

101  000 

322 

^21 

Note.  Ail  lines  experimentally  observed  are  labeled  and  written  in  bold 
characters. 


The  two  other  methods  (Methods  2  and  3)  considered  ignore  the  perturbation  due 
to  the  instrumental  lineshape  function.  To  verify  this  approximation,  the  theoretical 
transmissions  of  one  of  the  transitions  studied  was  convolved  with  different  represen¬ 
tative  instrumental  lineshape  functions.  The  instrumental  lineshape  function  can  be 
modeled  by  a  Gaussian  profile.  The  linewidths,  of  these  Gaussian  profiles,  fall  within 
3.3  X  10“^  and  6.0  X  10“^  cm“^  (extreme  value  defined  by  Materson  and  Webb  (77) 
for  this  type  of  diode).  Upon  convolution  by  the  Gaussian  profile,  the  theoretical 
transmission  profile  parameters,  the  intensity  and  self-broadening  coefficient,  change 
by  less  than  1%.  The  small  changes  observed  serve  to  justify  the  neglect  of  the  instru- 
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TABLE  II 

Linecenter  Spectral  Differences,  in  cm”*,  between  Line  7  (See  Table  I) 
and  Lines  8-12 


LINE 

EXP. 

HIT.  (Ref.  1) 

Toth  (Ref.  2) 

7-  8 

0.205  ±0.004 

0.289 

0.2071  ±0.002 

7-  9 

0.343  ±0.002 

0.414 

0.2916  ±0.050 

7-10 

0.659  ±0.002 

0.698 

0.653  ±0.006 

7-11 

1.330  ±0.002 

1.360 

1.317  ±0.013 

7-12 

1.567  ±0.002 

1.595 

1.551  ±0.016 

Note.  EXP;  values  deduced  from  current  experiments;  HIT;  values  de¬ 
duced  from  HITRAN  (7);  Toth,  values  deduced  from  Toth  (2). 


mental  lineshape  function.  The  absorption  coefficient  k{v)L,  where  L  is  the  optical 
length  along  the  cell,  can  then  be  correctly  approximated  from  T(v)by 

k{p)L  =  -\niriv)),  (7) 

Method  2  uses  the  linecenter  absorption  coefficient  to  deduce  the  intensity  from 
the  value  of  k{v)L  at  the  linecenter, 

S{T)  =  k{po)L/XPL^{0,  5d),  (8) 

where  P  is  the  pressure,  X  the  mole  fraction,  6l  the  collision-broadening  linewidth,  do 
the  Doppler  linewidth,  and  $(0,  (5l,  do)  the  profile  value  at  the  center  of  the  line 
position.  From  Eq.  (8)  one  can  see  that  the  collision-broadening  linewidth,  5l,  is 
needed.  To  our  knowledge,  experimental  values,  or  accurate  calculations  of  this  line- 
width  within  the  lines  of  interest,  have  yet  to  be  established.  The  use  of  transferred 
values  from  another  vibrational  bands  introduces  unknown  errors. 

Method  3,  direct  modeling  of  the  absorption  coefficient,  accounts  for  contribution 
of  side  lines  to  the  line  of  interest  and  determines  the  collision-broadening  linewidth, 
the  line  intensity,  and  the  spectral  center  position.  These  characteristics  make  this 
method  superior  for  our  analysis  and  hence  has  been  adopted  for  use  in  our  final  data 
analysis.  A  standard  Voigt  profile,  calculated  with  the  Humlicek  algorithm  (72),  models 
the  observed  lineshape.  In  the  pressure  range  of  interest  a  collision-narrowing  effect, 
first  observed  by  Dicke  (13)  and  theoretically  defined  by  Galatry  (14),  may  be  oc¬ 
curring.  If  this  is  the  case,  the  use  of  a  Galatry  profile  is  needed.  To  justify  the  use  of 
a  Voigt  profile,  synthetic  absorption  coefficients  (representing  one  of  the  studied  lines) 
are  calculated  using  both  Voigt  and  Galatry  profiles  where  a  typical  collision-broadening 
coefficient  of  7l  =  0.4  cm“^  atm“‘  (75)  and  a  narrowing  coefficient  of  /?  =  O.l  cm”‘ 
atm~‘  (76)  are  used.  The  Galatry  profile  is  calculated  with  a  routine  developed  by 
Varghese  and  Hanson  (75);  the  routine  is  based  on  the  numerical  approximation  of 
Herbert  (77).  Comparisons  between  intensity  and  self-collision-broadening  coefficients 
determined  by  using  a  Voigt  profile  from  the  two  above  coefficients  show  differences 
of  less  than  1%  for  intensity,  and  less  than  2%  for  the  broadening  coefficient,  regardless 
of  pressure  (between  0  and  0.03  atm)  and  temperature  (between  290  and  400  K). 
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Within  the  spectral  domain  of  interest,  other  weak  lines  may  participate  in  the 
absorption.  These  lines,  as  listed  in  HITRAN  (7),  possess  intensities  two  orders  of 
magnitude  lower  than  those  considered.  Added  in  Table  I  are  such  lines  which  are 
close  enough  (0.2  cm“')  to  perturb  the  lines  studied.  Their  contribution  to  the  ab¬ 
sorption  coefficient  is  neglected.  An  example  of  the  Voigt  fit  to  a  studied  line  is  shown 
in  Fig.  7.  Residuals  of  less  than  1%  are  achieved  using  a  nonlinear  least-squares  fit  of 
the  Voigt  profile  (Fig.  7). 

The  intensity,  at  a  temperature  Tq  =  296  K,  is  related  to  the  intensity  at  temperature 
Thy 

SiTo)  =  S{T){Q{To)/Q(T))  X  ( 1  -  expi-hcpo/ kT))/ 

(1  -exp(-/7C^.o/^^7^o))Xexp(//cE7^(l/To“  1/T)),  (9) 

where  is  the  lower  level  energy,  vq  is  the  linecenter  position,  and  QiT)  is  the 
partition  function;  E"'  and  pq  are  read  directly  from  HITRAN  (7).  A  polynomial 
approximation  developed  by  Gamache  et  ciL  {18)  gives  the  value  of  Q{  T). 

In  the  case  of  pure  water  vapor,  the  temperature  and  pressure  dependence  of  the 
collision-broadening  linewidth,  6l(  T,  P)  in  cm“’ ,  are  given  by  (9) 

b^{T,P)  =  ^ydTo)P{TJT)\  (10) 

where  Tq  is  the  standard  temperature  (300  K),  n  is  the  temperature  dependence,  and 
^Tl(  To)  is  the  standard  collision-broadening  coefficient.  The  values  of  n  and  ^7l(  To) 
completely  characterize  5l(T,  P).  The  limited  temperature  range  of  the  experiment 
prevents  an  accurate  measurement  of  n.  From  Eq.  (10),  one  can  easily  demonstrate 


Fig.  7.  Experimental  absorption  coefficient  (cross  points)  (line  2  at  0.246  atm,  320  K)  and  a  nonlinear 
fit  using  a  Voigt  profile  (solid  line).  Residual  in  percentage  between  the  two  above  spectra. 
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that  the  uncertainty  of  n  is  related  to  the  precision  of  the  6l(  T,  P)  measurement,  and 
given  by 

dnin  =  2l{n\n{TolT))dbdT.P)lhdT.P).  (11) 

With  n  =  0.5,  Tq  =  300  K,  and  T  =  400  K,  the  uncertainty  of  n  will  be  14  times  larger 
than  the  precision  of  5l(  T,  F).  Therefore,  two  values  of  ^7l(  Tq)  are  determined,  using 
Eq.  (10)  with  n  fixed  at  the  value  given  by  HITRAN  (7)  and  by  Delaye  et  al  (9). 

RESULTS  AND  DISCUSSION 

The  consistency  of  the  experimental  values  of  both  the  intensity  and  the  collision¬ 
broadening  coefficient  can  be  verified  by  comparison  of  these  quantities  at  different 
temperatures  and  pressure.  Figure  8  shows  the  experimental  intensity,  S(T),  deter¬ 
mined  for  several  lines  as  a  function  of  temperature.  The  theoretical  intensity  shown 
was  calculated  using  Eq.  (9)  with  5(  Tq)  as  a  fitting  parameter.  Experimental  standard 
intensities,  *S(  To),  as  calculated  by  Eq.  (9),  are  plotted  versus  pressure  in  Fig.  9;  the 
overall  scatter  of  these  result  is  5%.  Due  to  the  uniform  scatter,  no  systematic  errors 
can  be  inferred  from  the  plot.  We  define  the  experimental  intensity  to  be  an  average 
of  all  experimental  values  and  the  associated  error  to  be  equal  to  the  standard  deviation 
of  each  experimental  line  intensity  from  this  average.  The  lack  of  systematic  error 
coupled  with  the  small  absolute  error  demonstrates  the  validity  of  both  the  experimental 
setup  and  the  method  of  analysis.  In  particular,  this  is  a  test  of  the  accuracy  of  the 
determined  absorption  baseline,  the  cell  pressure  and  temperature  measurements,  and 
the  calculated  partition  function. 

Table  III  compares  the  averaged  intensity  results  with  both  the  values  listed  in 
HITRAN  (7)  and  the  experimental  results  of  Toth  (2).  Close  agreement  of  the  results 
with  Toth  is  achieved;  however,  there  are  discrepancies  of  the  results  when  compared 
with  HITRAN  (7).  This  last  fact  emphasizes  the  need  for  further  experiments  to 
improve  the  existing  spectroscopic  data  base  for  H2O  in  this  spectral  region. 

A  similar  analysis  of  the  standard  collision-broadening  coefficient,  ^7l(To),  was 
performed.  Figure  10  shows  the  experimental  standard  collision  broadening,  ^7l(T), 


Fig.  8.  Measured  intensity  for  six  different  spectral  lines  as  a  function  of  temperature.  The  solid  lines 
represent  the  theoretical  temperature  evolution  of  each  line,  with  S{296  K)  fixed  to  the  best-fit  of  our 
experimental  data. 
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Fig,  9,  Measured  intensity  (converted  at  296  K)  for  six  different  spectral  lines  as  function  of  pressure. 
The  solid  horizontal  lines  represent  an  average  value  for  each  data  set. 


as  a  function  of  temperature;  also  shown  are  the  theoretical  values  of  ^71  (  T),  with  n 
set  at  the  Delaye  values,  and  ^7l(  ^0)  selected  to  provide  the  best  fit  to  the  experimental 
results.  In  this  spectral  range,  the  changes  of  ^7l(  T)  with  temperature  are  in  agreement 


TABLE  III 


Comparison  of  Line  Intensities,  in  10“^'  cm“'/MolecuIe  cm"^ 
Deduced  from  Experiments  and  Those  Listed  in  HITRAN  ( /) 
and  Those  Given  by  Toth  (2) 


# 

Sexp  (296K) 

S(296K)  ref.  1 

S(296K)  ref.  2 

1 

8.54  ±  0.37 

6.33 

8.58 

2 

1.86  ±  0.07 

2.10 

1.89 

3 

1.14  ±  0.09 

0.927 

1.07 

4 

0.48  ±  0,03 

0.409 

0.516 

5 

4.94  ±  0.42 

6.40 

5.32 

6 

0.66  ±  0.03 

0.599 

0.766 

7 

1.97  ±  0.11 

0.800 

2.02 

8 

12.05  ±0.8 

14.0 

12.1 

9 

1.22  ±  0.14 

0.650 

1.98 

10 

3.96  +  0.36 

3.05 

4.11 

11 

0.925  ±  0.07 

0.737 

0.806 

12 


6,46  ±  0.37 


5.58 


6.65 
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Fig.  10.  Measured  standard  self-collision-broadening  coefficient  for  the  same  line  as  represented  in  Fig. 
8  as  a  function  of  temperature.  The  solid  lines  represent  theoretical  temperature  evolution  for  each  data  set, 
determined  by  using  the  n  parameter  recommended  by  Delaye  (9). 

with  Delaye  (9)  and  HITRAN  (7).  Two  values  of  ^7L(ro)  were  calculated  for  each 
line,  one  corresponding  to  n  given  by  HITRAN  ( 7 )  and  one  to  n  given  by  Delaye  (9). 
The  values  found  with  n  fixed  to  Delaye’s  recommendation  are  plotted  as  a  function 
of  experimental  pressure  in  Fig.  11.  Again,  an  overall  scatter  of  5%  is  determined. 
Also  the  fact  that  no  systematic  error  can  be  found  justifies  the  use  of  n  given  by 
Delaye  (9).  Table  IV  lists  the  average  values  of  ^7l(  Tq)  for  each  line  at  the  specified 
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10  20  30  40 

pressure  (10*^  atm) 


Fig.  1 1.  Measured  standard  self-collision-broadening  coefficient  for  the  same  line  as  represented  in  Fig. 
8.  The  horizontal  lines  represent  an  average  for  each  data  set. 

n  value  and  the  associated  ®7L(r’o)  values  of  Delaye  (9)  and  HITRAN  {!).  There  is 
good  agreement  between  both  sets  of  comparison,  with  the  exception  of  Line  1 1  com¬ 
pared  with  Delaye  (9)  (0.52  vs  0.431 )  and  Line  10  compared  with  HITRAN  (7)  (0.38 
vs  0.466).  We  recall  that  in  both  references,  the  coefficients  were  not  determined  for 
the  vibrational  bands  of  interest  in  this  study.  Again,  we  note  the  need  of  further  work 
to  improve  the  spectroscopic  database.  Our  future  endeavors  will  incorporate  a  larger 
temperature  range  allowing  quantification  of  the  n  parameter. 
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TABLE  IV 


Standard  Self-Collision-Broadening  Coefficients,  in  cm“‘  atm“‘, 
Determined  by  Using  the  n  Parameters  Recommended  by  Delaye  (9)  and 
Those  in  HITRAN  (7)  (Comparison  Made  with  both  References) 


# 

*7^(300K) 

®yJ;^(300K) 

Ref.  9 

nthe 

Ref.  9 

*Yl'^(3(X)K) 

=Yi_(300K) 

Ref  1 

n 

Ref.  1 

1 

0.4110.02 

0.398 

0.98 

0.4110.02 

0.452 

0.78 

2 

0.37  ±  0.01 

0.376 

0.68 

0.3710.01 

0.370 

0.71 

3 

0.4510.02 

0.437 

0.90 

0.44 1 0.02 

0.458 

0.68 

4 

0.4910.04 

0.437 

0.87 

0.48  1 0.04 

0.467 

0.84 

5 

0.40 1 0.03 

0.376 

0.68 

0.39 1 0.03 

0.345 

0.62 

6 

0.43  1 0.05 

0.400 

0.74 

0.43  1 0.05 

0.429 

0.68 

7 

0.47  1 0.02 

0.440 

0.88 

0.47 1 0.02 

0.492 

0.77 

8 

0.36 1 0.02 

0.391 

0.70 

0.3610.02 

0.414 

0.68 

9 

0.43  1 0.05 

0.469 

0.95 

0.4310.07 

0.514 

0.79 

10 

0.38  1 0.03 

0.391 

0.70 

0.38  1 0.04 

0.466 

0.68 

11 

0.5210.09 

0.431 

0.84 

0.50 1 0.09 

0.491 

0.70 

12 

0.43  1 0.03 

0.423 

0.79 

0.4310.03 

0.486 

0.75 

CONCLUSION 

In  this  study,  the  intensity  and  the  standard  self-collision-broadening  coefficient  of 
12  ro vibrational  lines  belonging  to  the  v\  +  vt,  and  2v\  fundamental  bands  have  been 
determined,  both  to  an  average  accuracy  of  7%.  Our  results  concerning  intensity  are 
consistent  with  recent  experimental  results  of  Toth  (2).  Concerning  the  self-collision¬ 
broadening  coefficient,  the  comparison  made  with  experimental  (7)  or  calculated  (9) 
values  belonging  to  the  same  rotational  transition  but  to  different  vibrational  band 
shows  discrepancies  that  may  be  attributed  to  vibrational  perturbation.  Unfortunately, 
the  current  range  of  temperature  doesn’t  allow  the  determination  of  the  temperature- 
dependence  parameter  n.  Further  work  is  needed  to  reach  higher  temperature  and 
allow  a  direct  determination  of  this  parameter.  Moreover,  high-temperature  experi¬ 
ments  will  permit  us  to  measure  ‘"hot”  vibrational  transitions  (nonzero  lower  quantum 
states)  and  to  increase  the  number  of  measured  lines. 

ACKNOWLEDGMENTS 

The  authors  thank  R.  A.  Toth  for  permission  to  use  his  recent  data.  This  research  was  jointly  sponsored 
by  the  Air  Force  Office  of  Scientific  Research,  Aerospace  Sciences  Directorate,  with  Dr.  Julian  Tishkoff  as 
the  technical  monitor,  and  by  NASA-Ames  Research  Center,  with  Dr.  John  Cavolowsky  as  the  technical 
monitor. 


Received:  June  1,  1993 


42 


LANGLOIS,  BIRBECK,  AND  HANSON 


REFERENCES 

1.  L.  S.  Rothman,  R.  R.  Gamache,  R.  H.  Tipping,  C.  P.  Rinsland,  M.  A.  H.  Smith,  B.  C.  Benner, 

V.  M.  Devi,  J.  M.  Flaud,  C.  Camy-Peyret,  A.  Perrin,  and  A.  Goldman,  J.  Quant.  Spectrosc. 
Radial.  Transfer  4'^,  469-507  ( 1992). 

2.  R.  A.  Toth,  submitted  for  publication. 

3.  J.  Y.  Mandin,  j.  P.  Chevillard,  C.  Camry-Peyret,  and  J.  M.  Flaud,  J.  Mol.  Spectrosc.  118,  96- 

102  (1986). 

4.  B.  E.  Grossman  and  E.  V.  Browell,  J.  Mol.  Spectrosc.  136,  264-294  (1989). 

5.  J.  M.  Flaud,  C.  Camy-Peyret,  and  R.  A.  Toth,  “Water  Vapour  Line  Parameters  from  Microwave 

to  Medium  Infrared,”  Pergamon  Press,  London,  1981. 

6.  B.  E.  Grossman  and  E.  V.  Browell,  J.  Mol.  Spectrosc.  138,  562-595  (1989). 

7.  M.  P.  Arroyo  and  R.  K.  Hanson,  Appl.  Opt.,  in  press,  1993. 

8.  J.  M.  Hartmann,  J.  Taine,  J.  Bonamy,  B.  Labani,  and  D.  J.  Robert,  J.  Chem.  Phvs.  86,  144-156 

(1987). 

9.  C.  Delaye,  j.  M.  Hartmann,  and  J.  Taine,  Appl.  Opt.  28,  5080-5087  (1989). 

10.  M.  P.  Arroyo,  S.  Langlois,  and  R.  K.  Hanson,  submitted  for  publication. 

11.  B.  Materson  and  j.  Webb,  Photonics  Spectra  May,  1 19-124  ( 1992). 

12.  J.  Humlicek,  j.  Quant.  Spectro.sc.  Radial.  Transfer  21,  309-313  (1979). 

13.  R.  H.  Dicke,  Phys.  Rev.  89,  472-473  (1953). 

14.  L.  Galatry,  Phys.  Rev.  122,  1218-1223  ( 1961 ). 

15.  P.  L.  Varghese  and  R.  K.  Hanson,  Appl.  Opt.  23,  2376-2385  ( 1984). 

16.  R.  S.  Eng,  a.  R.  Calawa,  T.  C.  Harmon,  P.  L.  Kelley,  and  A.  Javan,  Appl.  Phvs.  Lett.  21,  303- 

305  (1972). 

17.  F.  Herbert,  J.  Quant.  Spectrosc.  Radial.  Transfer  14,  943-951  ( 1974). 

18.  R.  R.  Gamache,  R.  L.  Hawkins,  and  L.  S.  Rothman,  J.  Mol.  Spectrosc.  142,  205-219  ( 1990). 


Sonderdruck  aus  der  Zeitschrift: 

Berichte  der  Bunsen-Gesellschaft  fiir  physikalische  Chemie 

©  VCH  Verlagsgesellschaft  mbH,  D-6940  Weinheim,  1993  -  Printed  in  the  Federal  Republic  of  Germany 


Flow  and  Particle  Diagnostics 

Multi-Parameter  and  Multi-Point  Measurements 
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Key  Words:  Flames  /  Fluorescence  /  Gases  /  Spectroscopy,  Ultraviolet  /  Spectroscopy,  Visible 

Laser-based  diagnostic  techniques,  developed  primarily  within  the  combustion  community,  offer  considerable 
promise  for  nonintrusive  measurements  in  gaseous  flows  relevant  to  industry.  In  this  paper,  we  review  two 
diagnostic  methods  under  development  in  our  laboratory.  The  first  technique  allows  simultaneous  measurement 
of  multiple  parameters  through  analysis  of  the  shape  and  shift  of  fully  resolved  absorption  lineshapes.  The  light 
source  is  a  tunable,  narrow-linewidth  semiconductor  diode  laser,  applied  in  the  present  case  to  either  water  vapor 
(1.39  microns)  at  combustion  gas  temperatures  (to  1700  K)  or  to  argon  (800  nm)  in  an  atmospheric  pressure 
plasma  (at  temperatures  to  8000  K).  Parameters  inferred  include,  for  water:  temperature,  pressure,  velocity  and 
species  density;  for  argon,  the  parameters  are  electron  density,  kinetic  temperature  and  the  population  tempera¬ 
ture  for  the  4  s  levels  of  argon.  The  second  diagnostic  technique  is  planar  laser-induced  fluorescence  (PLIF), 
which  allows  instantaneous  measurements  of  a  single  parameter  at  multiple  points  in  the  flowfield.  The  example 
application  to  be  discussed  is  single-shot  temperature  imaging  in  a  model  scramjet  flowfield  using  a  two  laser-two 

camera  imaging  scheme. 
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Introduction 

Over  the  past  two  decades,  several  promising  laser-based 
diagnostics  have  been  proposed  for  nonintrusive  measure¬ 
ments  in  gaseous  flows.  Interest  in  combustion,  in  par¬ 
ticular,  has  driven  the  development  of  these  advanced  mea¬ 
surement  techniques.  Linear  methods,  such  as  absorption 
and  laser-induced  fluorescence,  are  especially  attractive  ow¬ 
ing  to  their  signal  strength,  species  specificity,  and  relative 
simplicity  of  equipment  and  data  interpretation.  Equally 
important  is  the  fact  that  variations  of  absorption  and 
fluorescence  have  been  identified  for  sensing  several 
flowfield  parameters  of  interest  including  species  concen¬ 
trations,  temperature,  velocity,  pressure  and  density. 

Laser-induced  fluorescence  (LIE),  originally  developed  as 
a  single-point  diagnostic  but  extended  in  the  early  1980s  to 
simultaneous  multi-point  measurements  in  a  plane,  offers 
the  important  attributes  of  spatial  and  temporal  resolution, 
assuming  use  of  a  pulsed  laser  source.  The  planar  LIF  meth¬ 
od  (known  as  PLIF)  has  been  rapidly  accepted  by  the  com¬ 
bustion  community  owing  to  its  value  for  visualizing  com¬ 
plex  reacting  flowfields.  (See  Refs.  1  and  2  for  an  over¬ 
view.)  For  example,  PLIF  images  of  OH  produced  in  a  dif¬ 
fusion  flame  serve  to  locate  the  instantaneous  position  of 
flame  zones  and  combustion  products;  and  PLIF  images  of 
a  tracer  compound  can  be  used  to  quantify  the  extent  of 
mixing  in  turbulent  jets.  During  the  past  few  years,  as  ac¬ 
tivity  in  supersonic  flow  and  scramjet  combustors  has  been 
rekindled,  there  has  also  been  considerable  interest  in 
developing  PLIF  as  a  diagnostic  for  aerodynamic  and  pro¬ 
pulsion  research.  Applications  of  PLIF  in  industry  are  still 
limited,  although  the  potential  of  the  method  is  evident. 

The  ability  of  the  PLIF  method  to  capture  data  for  many 
flowfield  points  simultaneously  is  particularly  relevant  to 
applications  in  transient  or  highly  three-dimensional  flows. 
It  should  be  noted,  however,  that  LIF  and  PLIF  suffer  one 
particular  potential  disadvantage,  namely  that  conversion 
of  fluorescence  data  to  absolute  species  concentrations  may 
be  handicapped  by  various  uncertainties,  especially  in  the 
collisional  quenching  rate.  Much  of  the  current  research  on 
PLIF  is  aimed  at  developing  measurement  strategies  which 
avoid  these  difficulties.  Fortunately,  good  progress  has 
been  made  for  some  variables,  for  example  to  measure  tem¬ 
perature  through  the  ratio  of  two  PLIF  images,  and  to  mea¬ 
sure  velocity  through  PLIF  monitoring  of  Dopper-shifted 
absorption.  By  using  signal  differences  and  ratios,  many  of 
the  problems  of  unknown  quench  rates  are  eliminated. 
Another  limitation  of  LIF  and  PLIF,  when  executed  in  the 
usual  manner  with  spectrally  broad  pulsed  lasers,  is  that  an 
individual  measurement  typically  yields,  at  best,  only  one 
flowfield  property.  In  most  cases  the  fluorescence  signal  is 
a  combined  function  of  temperature,  density  and  mixture 
composition,  and  possibly  velocity.  Signal  interpretation 
can  thus  be  complex,  leading  to  a  requirement  for  multiple 
measurements. 

Recently,  methods  based  on  spectrally  resolved  absorp¬ 
tion  lineshapes,  using  either  line-of-sight  (LOS)  absorption 
or  single-point  LIF  detection,  have  emerged  as  strategies 


which  avoid  some  of  the  problems  of  PLIF  and  also  enable 
simultaneous  determination  of  multiple  flowfield  properties 
[3-11].  Spectrally-resolved  absorption  methods  using  cw 
laser  sources  complement  pulsed  laser  techniques  in  two  im¬ 
portant  ways:  (1)  cw  absorption  can  be  highly  quantitative, 
easily  interpreted,  and  free  of  calibration  uncertainties;  and 
(2)  measurements  can  be  made  at  high  repetition  rates  or 
even  continuously.  Of  course  absorption  is  usually  a  line- 
of-sight  method  and  thus  provides  poor  spatial  resolution, 
but  extension  of  absorption  to  multiple  paths  can  relieve 
this  deficiency  somewhat.  Alternatively,  single-point 
fluorescence  detection  of  spectrally  resolved  absorption  can 
be  used  in  some  cases  to  provide  spatial  resolution  while  re¬ 
taining  most  of  the  advantages  of  the  absorption  method  [4, 
6,  1 1].  The  key  limitation  to  this  LIF  strategy  is  that  the  sig¬ 
nal  levels  may  be  weak.  The  concept  is  therefore  limited  to 
cases  with  sufficiently  high  absorption  and  fluorescence 
yields. 

Another  significant  advantage  of  cw  laser  absorption  is 
that  the  low  power  levels  required  are  compatible  with  the 
use  of  optical  fibers,  and  hence  remote  location  of  laser 
sources  becomes  feasible.  Semiconductor  diode  laser 
sources  are  particularly  attractive,  since  they  are  compact, 
rugged,  and  economical,  and  they  have  low  power  require¬ 
ments.  We  believe  that  packaged,  stand-alone  instruments 
based  on  these  lasers  and  spectroscopic  principles  are  likely 
to  have  substantial  impact  in  future  industrial  applications. 

In  the  following,  we  provide  brief  overviews  of  current 
research  efforts  based  on  the  two  methods  introduced 
above,  i.e.  spectrally  resolved  absorption  and  PLIF.  More 
detailed  descriptions  may  be  found  in  the  publications  cited 
in  the  Reference  section  of  this  paper. 

Spectrally-Resolved  Absorption  Using  Tunable  Diode 
Lasers 

Over  the  past  15  years,  our  group  at  Stanford  has  been 
active  in  developing  laser  absorption  diagnostics  based  on 
several  rapid-scanning  narrow-linewidth  laser  sources,  in¬ 
cluding  infrared-emitting  lead-salt  diode  lasers,  UV/visible 
ring  dye  lasers,  and  most  recently,  near-infrared  semicon¬ 
ductor  diode  lasers.  The  composition  of  lead-salt  diode 
lasers  can  be  tailored  to  enable  emission  in  the  spectral 
range  3.3  - 30 microns,  which  provides  overlaps  with  the 
IR-active  vibrational  bands  of  many  combustion  species. 
Ring  dye  lasers,  on  the  other  hand,  emit  in  the  range 
200-800  nm,  which  enables  use  of  the  stronger  absorption 
bands  associated  with  electronic  transitions.  Near-infrared 
diode  lasers,  which  are  still  developing  rapidly,  presently 
emit  in  selected  spectral  windows  from  about  650  nm  to 
1 .6  microns.  These  lasers  offer  high  potential  for  industrial 
diagnostic  applications  owing  to  their  compact  size,  low 
cost  and  compatibility  with  fiberoptic  transmission;  we 
have  recently  reported  results  for  O2  [7,  8]  and  H2O  [9,  10] 
using  these  lasers  at  760  nm  and  1.385  microns,  respective¬ 
ly,  and  for  0-atoms  [12]  at  very  high  temperatures  using  a 
laser  at  111  nm,  and  for  Ar  [13,  14]  at  several  wavelengths 
near  800  nm. 
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The  concepts  of  high-resolution  absorption  spectroscopy 
using  laser  wavelength  modulation  are  similar  for  each  of 
the  lasers  mentioned  above.  We  will  focus  our  discussion 
here  on  the  use  of  diode  laser  sources,  owing  to  the  relative¬ 
ly  higher  potential  for  industrial  applications.  These  are 
commercial  lasers  which  allow  narrow-linewidth  scans  over 
1  -2  cm”  ^  at  repetition  rates  of  10  kHz  and  higher;  output 
power  is  typically  several  milliwatts,  depending  on  the 
wavelength  of  interest.  As  examples  of  diode  laser-based 
diagnostics,  we  will  briefly  summarize  two  activities  involv¬ 
ing  detection  of  H2O  and  Ar,  respectively;  the  first  topic 
provides  an  example  of  work  in  combustion  gases  while  the 
latter  serves  to  illustrate  measurement  possibilities  in 
plasmas.  Further  details  of  this  work  may  be  found  in 
Refs.  9,  10,  13  and  14. 

Our  primary  objective  with  H2O  measurements  has  been 
to  investigate  diagnostic  strategies  for  simultaneously 
monitoring  several  gasdynamics  parameters  in  supersonic 
flows.  The  central  idea  is  to  scan  the  laser  over  a  spectral 
region  encompassing  two  (or  more)  absorption  lines,  and 
then  to  interrogate  the  line-of-sight  data  via  a  Beer’s  law 
analysis  to  infer:  (1)  temperature,  from  the  ratio  of  absorp¬ 
tion  signals  for  the  two  lines,  assuming  a  Boltzmann  distri¬ 
bution  in  the  absorbing  states;  (2)  pressure,  from  either  the 
collision-broadened  linewidth  (found  with  a  Voigt  fit  to  the 
lineshape  data)  or  the  absolute  absorption  level  (if  the 
species  mol  fraction  is  known);  and  (3)  velocity,  from  the 
Doppler-shifted  positions  of  the  absorption  lines  relative  to 
those  of  a  static  sample.  Density  can  be  calculated  from  the 
ideal  gas  law  once  pressure  and  temperature  are  known,  and 
derived  quantities  such  as  the  mass  [7]  and  momentum  [10] 
fluxes  (the  latter  is  effectively  a  thrust  measurement)  can  be 
calculated  from  the  known  density  and  velocity.  Of  course, 
absorption  data  can  also  be  used  for  the  more  limited  pur¬ 
pose  of  determining  species  concentration,  but  here  our  pri¬ 
mary  goal  was  to  explore  the  use  of  spectrally  resolved  mea¬ 
surements  for  simultaneous  monitoring  of  multiple  parame¬ 
ters. 

We  have  conducted  many  of  our  experiments  in  a  shock 
tube,  since  this  provides  a  convenient  means  of  generating 
a  controlled,  high-speed  flow  of  gases  with  precisely  known 
conditions  that  can  be  varied  over  a  wide  range.  A 
schematic  of  the  experimental  arrangement  is  given  in 
Fig.  1 .  A  custom-made  distributed  feedback  InGaAsP 
diode  laser  source,  emitting  narrow-linewidth  radiation 
near  1 .385  microns  with  a  power  level  near  1  mW,  is  rapidly 
swept  in  wavelength  across  a  closely  spaced  pair  of  water 
vapor  lines  near  7213  cm”^  (1 .386 microns;  the  642^643 
and  3i3^3i2  lines,  using  /k^Kc  notation,  with  7=6  the 
stronger  of  the  two  lines)  which  are  prominent  in  the  v,  -r  V3 
combination  band.  This  is  the  strongest  band  of  water  in  the 
near-IR  and  thus  is  particularly  attractive  for  sensitive 
detection  over  modest  absorption  pathlengths.  (Informa¬ 
tion  on  the  strengths  of  absorption  lines  in  this  spectral 
region  may  be  found  in  the  recent  papers  by  Arroyo  et  al. 
of  our  laboratory;  see  Refs.  9,  10.)  In  this  experiment,  the 
transmitted  laser  intensities,  measured  along  two  directions 
in  the  shock  tube  (detectors  3  and  4),  are  converted  to  frac- 


Fig.  1 

Experimental  arrangement  for  development  of  a  diode  laser  diagnostic 
for  line-of-sight  absorption  measurements  of  water  vapor 


tional  transmission  using  the  measured  reference  intensity 
(detector  1).  Measurements  are  converted  from  time  to  laser 
frequency  using  a  simultaneously  recorded  etalon  trace 
(detector  2).  The  spectral  transmission  data  are  then  analyz¬ 
ed  using  the  Beer-Lambert  law  to  obtain  the  spectral  ab¬ 
sorption  coefficient  versus  frequency.  Fig.  2  shows  a  sample 
data  trace,  obtained  from  a  single-sweep  recording  behind 
an  incident  shock  in  a  5.9%  H2O  (balance  O2)  mixture. 
The  laser  was  repetitively  scanned  at  10  kHz,  so  the  dura¬ 
tion  of  the  scan  was  100  microseconds  and  several  scans 
were  completed  during  the  limited  available  test  time  (about 
1  millisecond)  behind  the  incident  shock  wave. 

The  data  analysis  involves  first  obtaining  best-fit  Voigt 
profiles  to  the  two  lines,  with  temperature  and  pressure  as 
the  variable  parameters  (assuming  the  pressure-broadening 
coefficient  is  known).  The  temperature  is  determined  chief¬ 
ly  from  the  relative  peak  heights,  with  the  pressure  inferred 
mostly  from  the  linewidths.  Since  the  data  are  recorded  for 
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Fig.  2 

Reduced  shock  tube  absorption  data  for  single  scan  of  the  642  ^  643 
and  3)3  ^  3,2  lines  in  the  v,  +  V3  band  of  H2O,  The  gasdynamic  param¬ 
eters  inferred  from  a  Voigt  profile  analysis  are  indicated  along  with  the 
values  calculated  with  shock  wave  theory.  From  Ref,  10. 
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Fig.  3 

Comparison  of  laser-based  H2O  temperature  measurements  with 
known  (calculated)  temperatures  produced  in  a  shock  tube 


two  flow  angles,  the  separation  in  frequency  between  the 
two  data  sets  can  be  used  to  obtain  the  flow  velocity 
through  the  standard  Doppler-shift  relation  [10].  As  in¬ 
dicated  on  the  figure,  the  agreement  between  the  known 
flow  conditions  (calculated  using  shock  wave  relations)  and 
those  inferred  from  the  lineshape  data  is  quite  good.  A  sam¬ 
ple  of  results  for  temperatures  up  to  1700K  is  given  in 
Fig.  3.  The  accuracy  obtained  for  pressure,  velocity,  water 
concentration,  and  momentum  flux  is  similar. 

In  addition  to  applications  in  combustion  gases,  diode 
laser  diagnostics  based  on  spectrally-resolved  lineshapes 
also  are  well-suited  for  non-intrusive  measurements  in 
plasmas.  Applications  in  our  laboratory  include  both  low 
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Fig.  4 

Experimental  arrangement  for  combined  absorption/LIF  measure¬ 
ments  in  an  argon  plasma  using  a  wavelength-modulated  diode  laser 
source 


pressure  plasmas  and  atmospheric  pressure  (thermal) 
plasmas.  A  schematic  of  the  experimental  arrangements 
used  to  probe  a  custom-built  inductively-coupled  plasma 
torch  operating  on  argon  is  shown  in  Fig.  4.  The  laser  beam 
from  a  commercial  diode  laser  (Sharp  LT016MD0)  is  cur¬ 
rent-turned  over  one  of  the  several  allowed  4s  ^  4p  transi¬ 
tions  near  800  nm  (see  Fig.  5  for  an  energy  level  diagram), 
and  data  on  the  fully-resolved  lineshape  are  recorded  both 
in  absorption  and  in  fluorescence.  The  latter  has  the  advan¬ 
tage  of  providing  spatially  resolved  data,  although  lower 
signal  levels  lead  to  slower  scanning  rates  and  the  required 
use  of  a  lock-in  amplifier  to  separate  the  weak  LIF  signal 
from  the  strong  background  plasma  emission.  Typical  laser 
power  levels  are  10  mW,  and  the  period  of  a  complete  scan 
ranged  up  to  500  sec  when  LIF  data  were  recorded.  Much 
higher  scan  rates  were  possible  when  only  line-of-sight  ab¬ 
sorption  recording  was  employed.  Excitation  intensities 
were  in  the  linear  regime,  well  below  saturation  levels. 
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Fig.  5 

Energy  level  diagram  for  argon 


The  plasma  was  sustained  with  1  kW  of  electrical  power 
from  a  27  MHz  generator.  The  plasma  torch  body  and  im¬ 
pedance-matching  network  were  fabricated  in  this  laborato¬ 
ry  and  configured  to  permit  unrestricted  optical  access  to 
the  flowfield.  Most  measurements  were  made  on  the  torch 
centerline  at  distances  of  6-13  mm  downstream  of  the 
torch  body  exit  plane  and  with  submillimeter  spatial  resolu¬ 
tion.  The  torch  body  was  of  a  conventional  concentric  glass 
tube  design.  The  two  outer  tubes,  with  inside  diameters  of 
1 8  and  13  mm,  were  made  of  silica  and  were  used  to  contain 
the  plasma.  The  argon  flow  was  injected  tangentially  into 
the  outer  tube  and  monitored  by  a  calibrated  rotometer. 
Portions  of  the  laser  beam  were  also  passed  through  a  low 
pressure  electrical  discharge  (not  shown  in  Fig.  4),  to  pro- 
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vide  an  unshifted  frequency  reference,  and  through  a  2  GHz 
(free  spectral  range)  etalon  to  measure  changes  in  laser  fre¬ 
quency. 

A  sample  of  LIF  data  for  a  point  at  /*  =  0,  z  =  1 1  mm,  is 
shown  in  Fig.  6.  The  data  were  best  fit  with  a  Voigt  profile, 
thereby  allowing  simultaneous  determination  of  both  the 
kinetic  temperature  (Doppler  broadening)  and  the  Voigt 
parameter  (a).  The  latter  quantity  specifies  a  value  for  the 
total  Lorentzian  linewidth,  from  which  one  can  infer  the 
Stark  broadening  contribution  once  the  contribution  of 
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Fig.  6 

Experimental  absorption  lineshape  and  shift  data  for  810.4nm  excita¬ 
tion  of  argon  in  an  atmospheric  pressure  plasma;  detection  is  by  LIF 

resonance  broadening  is  subtracted  [13,  14].  The  Stark- 
broadened  linewidth,  in  turn,  leads  to  a  value  for  the  local 
electron  density  using  known  parameters  for  Stark  broaden¬ 
ing.  The  best-fit  values  of  and  are  indicated  on 
Fig.  6.  It  should  be  noted  that  the  measured  frequency  shift 
of  the  line  (relative  to  the  low  pressure  discharge)  can  also 
be  used  to  infer  the  electron  density,  through  known  Stark- 
shift  relations,  and  good  agreement  is  consistently  found 
between  the  two  methods  for  n^.  Agreement  is  also  found 
with  values  of  ^kin  and  inferred  from  Abel-inverted 
emission  data  as  well  as  with  the  laser-based  measurements 
for  the  other  4s  4p  transitions  studied  [13,  14].  Although 
the  maximum  temperature  observed  in  this  study  was  about 
8000  K,  we  have  measured  0-atom  temperatures  (in  absorp¬ 
tion)  using  this  same  laser  system  in  shock-heated  gases  up 
to  about  1 4,000  K  [12].  The  lower  temperature  limit  in  the 
present  study  is  set  by  Boltzmann  statistics  for  the  frac¬ 
tional  population  of  atoms  in  the  4s  manifold,  which  of 
course  drops  off  sharply  with  temperature  since  the  4s 
energy  level  is  about  11.5  eV  above  the  ground  stare. 

The  ability  to  make  local  measurements  of  plasma  pro¬ 
perties  is  of  great  practical  utility,  since  most  past  spec¬ 
troscopic  measurements  have  been  based  on  spatially-aver¬ 
aged  emission  data.  Thus  these  LIF  data  provided  an  im¬ 
portant  check  on  the  Abel-inversion  procedures  previously 
used  in  our  laboratory  and  elsewhere.  To  our  knowledge. 


this  study  also  represents  the  first  application  of  diode 
lasers  to  measurements  in  atmospheric  pressure  plasmas. 

The  above  two  examples  of  laser  diagnostics  serve  to  il¬ 
lustrate  the  power  of  spectrally-resolved-lineshape  strate¬ 
gies.  These  methods  are  suitable  for  use  over  an  extremely 
broad  range  of  flow  conditions  and  for  a  large  number  of 
species.  Eventually  these  laser  sources  will  be  packaged  in 
user-friendly  systems  for  a  variety  of  industrial  applica¬ 
tions.  Most  obvious  of  these  are  stack  and  process 
monitors.  Owing  to  the  compatibility  of  low  power  lasers 
with  fiberoptics,  it  is  also  likely  that  multiplexing  will  be 
utilized  to  allow  several  channels  of  measurements  with  a 
common  laser  source  and  data  processing  system. 

Planar  Laser-Induced  Fluorescence  Imaging 

We  turn  now  to  our  second  diagnostic  strategy,  planar 
laser-induced  fluorescence,  which  offers  the  ability  to  si¬ 
multaneously  monitor  flowfields  at  a  large  number  of  mea¬ 
surement  locations.  PLIF  has  developed  rapidly  from  its 
initial  demonstration  as  a  combustion  diagnostic  in  1982; 
see  Refs.  1  and  2  for  reviews  of  PLIF  and  a  detailed  treat¬ 
ment  of  PLIF  theory  and  experimental  considerations. 
Much  of  the  current  research  on  PLIF  is  concerned  with: 
rendering  image  data  quantitative;  extending  the  concept  to 
new  species  and  flowfield  parameters;  improving  the  per¬ 
formance  of  the  equipment,  particularly  the  lasers  and 
detectors;  improving  analysis  of  the  images  through  com¬ 
puter-based  image  processing;  and  implementation  of  PLIF 
systems  in  basic  and  applied  research,  particularly  involving 
combustion  and  propulsion. 

The  experimental  arrangement  employed  in  our  current 
PLIF  studies  of  supersonic  mixing  and  combustion  is  il¬ 
lustrated  in  Fig.  7.  Sheets  of  laser  light,  from  two  pulsed 
laser  sources,  are  propagated  through  the  shock  tube¬ 
generated  flowfield  of  interest.  If  each  laser  is  tuned  in 
wavelength  to  match  an  allowed  absorption  transition  of 
the  species  to  be  probed,  then  a  fraction  of  the  light  absorb¬ 
ed  at  each  region  (point)  in  the  illumination  plane  is  con¬ 
verted  to  fluorescence  which  is  emitted  into  all  directions. 


triggering  electronics 


Schematic  of  the  experimental  facility  for  two-line  PLIF  imaging  of 
temperature  in  supersonic  flows 
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A  portion  of  this  light  is  collected  with  lenses  (or  mirrors) 
and  focussed  onto  the  front  face  of  an  intensified  solid-state 
detector  array.  For  current  work,  a  single-stage  microchan- 
nel  plate  (MCP)  intensifier  is  used  together  with  a  CCD 
detector  array.  The  intensifier  is  time-gated  to  that  light  is 
only  collected  during  a  brief  period  (typically 
100-200  nsec),  to  minimize  the  effects  of  extraneous  emis¬ 
sion  or  scattered  light.  Current  detector  arrays  have  greater 
than  10^  pixels,  so  that  each  PLIF  image  is  a  record  of 
fluorescence  emission  from  a  large  number  of  flowfield 
points  in  the  illumination  plane. 

In  effect,  the  PLIF  signal  is  a  measure  of  the  light  absorb¬ 
ed  at  each  flowfield  point,  modified  by  the  local 
fluorescence  yield,  which  is  the  fraction  of  absorbed  light 
converted  to  fluorescence  emission.  Unfortunately,  the 
PLIF  signal  can  be  a  complex  function  of  the  absorbing 
species  concentration,  temperature,  pressure  and  velocity 
(through  the  Doppler  shift  of  absorption  lines  for  moving 
gases).  Various  strategies  have  been  developed  to  cope  with 
these  problems  and  to  relate  the  PLIF  signals  to  flowfield 
properties  of  interest  such  as  species  concentration,  temper¬ 
ature  [15],  pressure,  density  and  velocity  [16];  see  Refs.  2 
and  17  for  recent  overviews.  Here  we  summarize  our  ap¬ 
proach  to  quantitative  imaging  of  temperature  in  a 
flowfield  comprised  of  a  jet  in  supersonic  crossflow;  this 
flow  is  representative  of  mixing  and  combustion  of  a  fuel 
jet  in  a  scramjet  combustor.  Specifically,  the  strategy  being 
pursued,  known  as  two-line  PLIF,  is  based  on  sequential  ex¬ 
citation  of  two  absorption  transitions  of  a  single  species, 
presently  NO,  with  the  ratio  of  the  two  PLIF  signal  being 
used  to  infer  temperature.  A  more  complete  description  of 
this  work  may  be  found  in  Ref.  15. 

The  two-line  technique  used  here  is  based  on  the  ratio  of 
fluorescence  signals  obtained  following  sequential  laser  ex¬ 
citation  of  two  rovibronic  transitions,  originating  from  dif¬ 
ferent  rotational  states  in  the  A^Z*^  0(0,0)  band  of 

NO.  This  strategy  is  particularly  useful  in  flows  which  are 
compressible  or  varying  in  composition,  because  in  taking 
the  ratio  of  fluorescence  signals,  the  dependence  on  number 
density,  absorbing  species  mole  fraction,  and  collisional 
quenching  is  removed. 

NO  is  an  attractive  probe  species  because  it  is  naturally 
present  in  the  freestream  of  many  high  enthalpy  combustion 
and  propulsion  facilities,  and  it  can  be  easily  seeded  into 
fuel  jets.  In  reacting  flows,  the  NO  may  sensitize  ignition 
and  may  be  partially  consumed  by  the  combustion  process; 
however,  assuming  the  surviving  NO  is  sufficient  for  fluo¬ 
rescence  detection,  accurate  two-line  temperature  measure¬ 
ments  are  still  possible,  because  the  NO  mole  fraction 
dependence  cancels  in  the  signal  ratio.  Additional  attributes 
of  NO  as  a  flow  tracer  should  be  noted:  1)  it  provides  a  rela¬ 
tively  strong  absorption  cross-section  and  good 
fluorescence  efficiency,  which  is  crucial  for  imaging  ap¬ 
plications;  2)  it  exhibits  strong  nonresonant  fluorescence 
which,  when  combined  with  spectral  filtering,  can  alleviate 
potential  problems  with  radiative  trapping  and  laser  scatter¬ 
ing;  3)  it  does  not  exhibit  /-dependent  radiative  lifetimes  or 
quenching  rates  that  can  lead  to  systematic  measurement  er¬ 


rors;  and  4)  its  spectroscopy  is  well  characterized,  which 
facilitates  modelling  and  interpretation  of  the  fluorescence 
signal. 

The  two-line  method  requires  the  use  of  two  lasers  and 
two  cameras  for  instantaneous  measurements.  In  these  ex¬ 
periments,  the  lasers  are  tuned  to  different  transitions  and 
are  fired  sequentially,  with  a  delay  which  is  sufficient  to 
temporally  separate  the  respective  fluorescence  signal 
decays  but  less  than  that  which  allows  blurring  of  the  im¬ 
ages  due  to  flow  motion.  The  cameras  are  gated  so  that  each 
camera  integrates  the  fluorescence  signal  induced  from  only 
one  of  the  lasers. 

For  weak  laser  excitation,  the  temperature  is  related  to 
the  fluorescence  ratio  Rx2,  by 

^12  ~  =  Cx2  exp  {-  Ae 

where  is  the  temporally  integrated  fluorescence  signal; 
the  subscripts  1  and  2  refer  to  the  values  associated  with  the 
respective  fluorescence  images;  Aex2  is  the  energy  dif¬ 
ference  between  the  initial  absorbing  states;  k  is  the 
Boltzmann  constant;  T  is  the  gas  kinetic/rotational  temper¬ 
ature;  and  Ci2  is  a  constant,  which  is  dependent  upon  spec¬ 
troscopic  and  experimental  parameters,  including  the  laser 
pulse  energies.  The  constant,  Q2»  can  be  determined  by  in¬ 
dependent  calibration  or  from  the  signal  ratio  directly  (in 
situ),  if  the  temperature  is  accurately  known  at  some  loca¬ 
tion  within  the  image.  Note  that  in  writing  this  equation  we 
have  assumed  that  the  respective  fluorescence  yields  cancel 
in  the  ratio.  This  is  a  valid  assumption  for  these  measure¬ 
ments,  because  the  quenching  cross-sections,  fluorescence 
lifetimes  and  fluorescence  branching  ratios  for  the 
=  0  state  of  NO  are  known  to  be  insensitive  to 
rotational  quantum  number.  Difference  in  the  overlap  in¬ 
tegrals  of  the  absorption  and  laser  lineshape  functions  for 
the  two  lines  probed  are  also  neglected. 

The  scramjet  model  flowfield  examined  here  is  shown 
schematically  in  Fig.  8.  The  crossflow  is  supersonic  and  is 

FLOWFIELD  SCHEMATIC 


jet:  1%NO/19%CO/80%H2 

300  K,  3.0  atm,  M=1 

t:,.  o  D  =  2mm 

Fig.  8 

Schematic  of  the  jet-in-crossflow  flowfield  showing  the  nominal  flow 
conditions 
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turned  through  a  Prandtl-Meyer  expansion  fan  as  it  passes 
over  the  rearward  facing  step.  The  flow  separates  as  it 
passes  over  the  step  and  forms  a  recirculation  zone  just 
downstream  of  the  step.  Fuel  is  injected  sonically,  using  a 
pulsed  valve  [15],  through  a  circular  orifice  (diameter  =  D) 
located  4.5  Z)  downstream  of  a  rearward  facing  step 
(height  =  1.5  D).  The  fuel  jet  is  underexpanded  and  results 
in  the  characteristic  barrel  shock  structure.  The  barrel  shock 
is  swept  over  due  to  the  momentum  of  the  oncoming 
crossflow.  A  bow  shock  is  formed  upstream  of  the  fuel  jet 
because  the  jet  acts  as  an  obstruction  to  the  crossflow. 
Downstream  of  the  fuel  jet,  the  crossflow  is  turned  parallel 
to  the  wall  by  a  recompression  shock  wave.  The  nominal 
flowfield  conditions  for  this  experiment  are  listed  on  the 
figure  and  are  representative  of  the  inlet  conditions  for  a 
scramjet  combustor.  The  temperatures  and  pressures  noted 
in  the  figure  are  the  static  values  of  the  freestream  and  the 
stagnation  values  of  the  jet  gas.  Carbon  monoxide  (CO) 
was  added  to  the  fuel  jet  to  reduce  the  fluorescence  lifetime 
of  NO.  This  was  necessary  to  ensure  adequate  temporal 
resolution  of  the  measurements  in  this  high-speed  flowfield. 

The  lasers  used  in  these  experiments  were  XeCl  excimer- 
pumped  dye  lasers  (Lambda  Physik  FL2002  and  FL3002). 
The  pump  beams  at  308  nm  had  pulse  energies  of  more  than 
lOOmJ  with  pulse  widths  of  —20  ns.  Coumarin  450  dye 
mixtures  were  used  and  the  fundamental  dye  laser  beams 
were  frequently-doubled  to  —  226nm  using  BBO  crystals. 
The  lasers  were  fired  sequentially  with  a  delay  of  250  ns  to 
temporally  separate  the  fluorescence  signals.  Including 
transmission  losses  through  the  optics,  the  pulse  energy  of 
each  laser  sheet  (in  the  test  section)  was  -0.5  mJ  in  a  spec¬ 
tral  bandwidth  of  —  0.3cm“^ 

The  broadband  fluorescence  in  the  spectral  range  from 
225  to  335  nm  was  collected  at  right  angles  to  the  plane  of 
illumination  with  //4.5UV  Nikkor  lenses  (105  mm  focal 
length).  UG-5  Schott  Glass  filters  (2  mm  thick)  were  used  to 
block  elastic  laser  scattering.  The  fluorescence  was  imaged 
onto  two  intensified  cooled  CCD  cameras  (Princeton  In¬ 
struments,  with  an  EEV  578  x  384  array,  23  pm  pixels).  The 
imaged  region  was  30x45  mm.  The  images  were  acquired 
and  processed  using  two  IBM-compatible  486  personal 
computers.  Laser  pulses  were  carefully  positioned  tem¬ 
porally  to  occur  just  after  the  respective  intensifier  gates 
were  fully  on. 

Fig.  9  shows  a  typical  experimental  result  for  the  instan¬ 
taneous  temperature  (the  precision  of  the  measurement  is 
actually  much  better  than  apparent  in  this  gray-scale 
reproduction).  The  jet  boundary  is  very  easily  identified  in 
the  temperature  field,  and  is  indicative  of  a  very  sharp 
scalar  gradient  in  the  shear  layer.  The  plume  temperature 
increases  with  increasing  x/D,  due  to  the  warmer  freestream 
mixing  with  the  cool  jet.  Pockets  of  relatively  cool  gas  per¬ 
sist  within  the  plume  for  several  jet  diameters,  but  the 
plume  reaches  a  relatively  uniform  temperature  for 
x/D>\2.  Major  pockets  of  freestream  fluid  are  generally 
not  observed  in  the  lower  portion  of  the  plume  (adjacent  to 
the  wall).  The  efficient  mixing  and  relatively  high  tempera¬ 
tures  in  this  boundary  layer  region  make  it  the  most 


250  500  800  1100  1^00  K 

Fig.  9 

Instantaneous  temperature  image  for  a  jet  in  supersonic  crossflow; 
region  shown  is  1 5  x  45  mm 

favorable  for  autoignition  and  efficient  combustion  in  a 
reacting  flow.  This  observation  is  consistent  with  previous 
OH  imaging  measurements  in  similar  combusting  flows 
[18]. 

The  results  obtained  for  the  instantaneous  2-D  tempera¬ 
ture  field  via  two-line  PLIF  (see  Ref.  15  for  details)  indicate 
that  shot  noise  is  the  dominant  source  of  temperature  uncer¬ 
tainty.  Single-shot  temperature  uncertainties  varied  from  a 
minimum  of  5%  at  low  temperatures  to  as  much  as  20^o  at 
high  temperatures  for  the  absorption  line  pair  used.  These 
uncertainties  could  be  reduced,  however,  by  improving  the 
laser  pulse  energy  and  efficiency  of  the  collection  optics. 
The  good  results  obtained  clearly  confirm  the  potential  of 
PLIF  imaging  for  quantitative  thermometry.  Other  work  is 
in  progress  in  our  laboratory  to  establish  quantitative  PLIF 
imaging  strategies  for  velocity  [19]  and  vibrational  tempera¬ 
ture  [20]  in  high-enthalpy,  supersonic  flows. 

Conclusions 

The  two  laser  techniques  described  in  this  paper  provide 
capability  for  simultaneous  measurements  of  multiple  pa¬ 
rameters  or  measurements  of  a  single  quantity  at  multiple 
points.  These  methods  should  be  viewed  as  complementary 
to  each  other  and  to  other  measurements  schemes  under  de¬ 
velopment  in  various  laboratories.  These  laser-based 
diagnostic  methods  have  reached  a  level  of  maturity  such 
that  they  are  now  suitable  for  use  in  industrial  applications 
as  well  as  in  basic  and  applied  research.  Furthermore,  these 
nonintrusive  methods  can  measure  gasdynamic  and  ther¬ 
modynamic  parameters  which  are,  in  many  cases,  inaccessi¬ 
ble  with  the  experimental  methods  utilized  in  past  decades. 
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We  present  a  novel  diode-laser  diagnostic  for  water-vapor  measurements  based  on  absorption  spectroscopy.  Two 
InGaAsP  diode  lasers  were  used  to  record  H2O  absorption  line  shapes  near  1395  nm  at  a  3-kHz  repetition  rate 
along  a  single  path  through  a  water-vapor  flow  field  generated  in  a  shock  tube.  The  use  of  two  lasers  permits 
simultaneous  line-shape  measurements  in  different  spectral  regions  and  facilitates  the  selection  of  appropriate 
line  pairs  for  thermometry.  The  wavelength  tuning  rate  was  determined  by  use  of  a  fiber-optic  device  known 
as  a  ring  interferometer.  Flow-field  conditions  (1320  K,  0.3  atm)  inferred  from  measured  line  shapes  compared 
favorably  with  calculated  values. 


High-resolution  spectroscopy  techniques  have  re¬ 
cently  been  developed  to  provide  fast,  sensitive,  and 
nonintrusive  means  of  measuring  multiple  quan¬ 
tities  such  as  temperature,  pressure,  velocity,  and 
concentration  in  gaseous  flows,  In  these  meth¬ 
ods  a  constituent  species  is  monitored  with  a  rapid¬ 
scanning  narrow-linewidth  laser  by  use  of  absorption 
spectroscopy  techniques.  Similar  measurements  of 
water  vapor  would  be  especially  relevant  to  combus¬ 
tion,  propulsion,  and  aerodynamics  facilities  since 
water-vapor  concentration  can  be  related  to  perfor¬ 
mance  parameters  such  as  extent  and  efficiency  of 
combustion,  propulsion  efficiency,  and  heat  release. 
In  addition,  the  water  molecule  is  of  interest  because 
it  occurs  naturally  in  air  flows,  represents  a  primary 
combustion  product,  and  has  absorption  bands  that 
may  be  reached  with  commercially  available  diode 
lasers.^ 

In  the  present  investigation  two  narrow-linewidth 
diode  lasers  were  tuned  independently  over  mul¬ 
tiple  H2O  transitions  to  record  spectrally  and  tempo¬ 
rally  resolved  absorption  line  shapes.  We  controlled 
the  diode-laser  wavelength  by  maintaining  a  constant 
laser  temperature  Tiaser  while  varying  the  injection 
current  iiaser-  Inversion  of  absorption  line  shapes 
from  direct  transmission  measurements  is  an  estab¬ 
lished  tool  that  has  been  used  to  derive  local  ther¬ 
modynamic  properties  of  a  gas.^’^’^  Quantities  such 
as  pressure  and  velocity  may  be  determined  from  a 
single  line  shape.  However,  the  determination  of 
temperature  requires  measurements  of  at  least  two 
profiles  that,  for  optimum  sensitivity,  have  similar 
transition  line  strengths  at  the  probed  temperature 
and  originate  from  states  with  an  energy  separation 
of  at  least  kT,  where  k  is  Boltzmann’s  constant.^’® 

The  finite  continuous  tuning  range  of  individual 
semiconductor  diode  lasers  without  controlled  exter¬ 
nal  feedback  significantly  limits  the  number  of  line 
pairs  that  may  be  resolved  in  a  single  scan®  and  thus 
limits  the  potential  temperature  sensitivity  of  the 
measurement.  In  the  present  system  this  limitation 
was  alleviated  through  the  use  of  two  lasers  that  were 
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tuned  independently  over  a  pair  of  H2O  vibrational 
transitions  not  accessible  in  a  single  continuous  scan. 
The  beams  were  combined  into  a  single  optical  fiber 
and  directed  through  the  probed  region  over  a  com¬ 
mon  path.  The  spatially  coincident,  spectrally  dis¬ 
tinct  beams  were  temporally  separated  by  control  of 
the  relative  phase  of  the  laser  injection  currents.  A 
ring  interferometer®’®  instead  of  a  conventional  etalon 
was  used  to  calibrate  the  wavelength  tuning  of  the 
laser  to  present  a  complete  diagnostic  system  com¬ 
posed  almost  entirely  of  fiber-optic  components  that 
may  be  suitable  for  process  monitoring.  The  design 
of  a  system  based  on  fiber-optic  components  reduces 
the  complexity  of  alignment,  minimizes  the  optical 
path  length  through  room  air,  and  demonstrates  the 
ability  to  record  line  shapes  remotely.  The  resulting 
system  provides  a  flexible,  fast,  and  accurate  means 
of  measuring  multiple  quantities  in  flows  containing 
water  vapor. 

Figure  1  illustrates  the  experimental  setup.  Two 
distributed-feedback  InGaAsP  lasers  emitting  near 
1395  nm  were  used  in  this  study.  Laser  1  was 
packaged  in  a  hermetically  sealed  package  that 
was  mounted  on  an  external  thermoelectric  cooler. 
Laser  2  was  coupled  directly  (pigtailed)  to  a  single¬ 
mode  optical  fiber.  The  case  temperature  and  the 
injection  current  of  each  laser  were  controlled  in¬ 
dependently.  The  beam  output  from  laser  1  was 
collimated,  directed  through  an  optical  isolator, 
and  focused  into  a  single-mode  optical  fiber  with 
a  fiber-source  coupler.  The  laser  output  beams 
were  combined  by  use  of  a  2  X  1  fused  fiber  cou¬ 
pler  into  a  single-mode  fiber.  The  output  was 
divided  into  four  paths  (10/10/40/40  ratio)  by  a 
1X4  splitter.  The  first  beam  (/ring)  was  sent  through 
a  ring  interferometer  to  detector  1  (det.  1)  to  provide 
a  measurement  of  the  laser  wavelength  tuning  rate. 
The  second  beam  (/q)  was  sent  directly  to  detector  2 
(det.  2)  to  record  the  incident  (reference)  intensity  be¬ 
fore  entering  the  flow  field.  The  third  beam  (7)  was 
collimated  through  the  shock-tube  test  section  and 
focused  onto  detector  3  (det.  3).  The  fourth  beam 
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Fig.  1.  Schematic  of  the  experimental  setup. 


was  not  used  in  the  present  investigation.  The  de¬ 
tector  bandwidths  were  either  1  MHz  (detector  1)  or 
200  kHz  (detectors  2  and  3).  The  Iq  and  /ring  voltage 
signals  were  electronically  adjusted  to  match  the  I 
voltage  signal  by  use  of  amplifiers  externally  coupled 
to  detectors  1  and  2. 

The  ring  interferometer  consisted  of  a  fused-silica 
coupler  with  a  splitting  ratio  of  5/95  and  with  one  of 
its  outputs  fused  to  one  of  the  inputs.  The  device 
had  a  24.5-cm  circumference  and  effectively  served  as 
an  etalon  with  a  0.837-GHz  free  spectral  range  and 
a  finesse  of  approximately  100.  The  measured  total 
width  (FWHM)  of  the  ring  interferometer  fringes 
was  20  MHz,  Hence,  accounting  for  the  instru¬ 
ment  width,  we  determined  the  laser  linewidth  to 
be  —18  MHz,  significantly  narrower  than  the  probed 
absorption  H2O  line  shapes. 

A  3-kHz  triangular  function  from  a  function  gen¬ 
erator  is  passed  through  a  dual  half-wave  rectifier. 
The  two  outputs  of  this  rectifier  are  half-triangular 
functions  that  are  sent  to  the  laser  current  con¬ 
trollers.  The  rectifier  can  change  the  width  and  the 
height  of  the  half-triangles  in  both  outputs.  In  this 
way  the  laser  currents  are  modulated  with  half- 
triangular  functions,  one  shifted  with  respect  to  the 
other  so  as  to  modulate  one  laser  current  while  the 
other  laser  current  is  fixed  to  a  value  below  threshold. 
Thus  the  lasers  emit  alternately,  never  overlapping  in 
time.  Since  both  lasers  may  respond  in  a  different 
way  to  the  modulation  in  current,  respective  wave¬ 
lengths  and  powers  will  vary.  Laser  2  was  run  at  its 
maximum  power  (—150  /xW),  and  the  power  of  laser 
1  was  adjusted  to  twice  this  value  by  a  proper  align¬ 
ment  of  the  optical  isolator.  As  a  result  of  the  losses 
on  the  fiber-optic  devices  and  the  splitting  of  the 
beam,  the  transmitted  power  through  the  test  section 
was  —10  /xW  from  laser  2  and  20  /xW  from  laser  1, 
Higher  laser  powers  would  yield  higher  signal-to- 
noise  ratios  and  improve  measurement  accuracy. 

The  diagnostic  was  demonstrated  in  a  shock  tube. 
Shock  heating  is  a  convenient  method  for  produc¬ 
ing  high-temperature  samples  of  gases  under  well- 
known  conditions.  The  14.3-cm-long  optical  path 
was  bounded  by  a  pair  of  windows  attached  to  the 
shock  tube  1.8  cm  from  the  end  wall  and  oriented 
perpendicular  to  the  flow  direction.  The  collection 
lens  was  preceded  by  an  iris  with  a  diameter  slightly 
greater  than  the  collimated  beam  and  placed  70  cm 
from  the  shock-tube  window  to  reduce  the  emission 
signal  from  the  hot  shock-heated  water.  The  volume 


near  the  collimator,  focusing  lens,  and  detector  3  was 
enclosed  and  purged  continuously  with  dry  N2  gas  to 
minimize  absorption  by  the  water  in  the  room  air. 
The  remaining  beam  paths  traveled  almost  exclu¬ 
sively  through  optical  fibers.  The  laser  power  atten¬ 
uation  through  a  1-m-long  single-mode  fiber  was  less 
than  0.1%  (0.55  dB/km). 

We  tuned  laser  1  across  the  2o2  ^  3o3  line  (7181.156 
cm~^)  and  partially  across  the  955  954  line  (7180.613 

cm”^)  by  varying  ii^ger  from  20  to  100  mA  and  main¬ 
taining  Tiaseri  =  35.7  '"C.  We  tuned  laser  2  across 
the  overlapping  Sqs  ^  802  and  802  ^  803  lines  near 
7173.779  cm"\  using  the  same  current  waveform  and 
maintaining  T]^ser2  ^  34.5  “C.  These  lines  were  se¬ 
lected  because  of  the  relatively  strong  temperature 
dependence  of  their  line-strength  ratio  and  the  mag¬ 
nitude  of  each  transition  line  strength  for  the  given 
test  conditions.  The  measured  line-center  absorp¬ 
tion  for  each  line  was  nearly  30%. 

Figure  2  presents  representative  data  that  we 
recorded  by  tuning  each  laser  one  complete  cycle 
of  the  injection  current  waveform.  The  top  curve 
shows  the  reference  signal  Iq.  The  absorption  by 
the  strong  2o2  3o3  line  on  the  laser  1  scan  was 

due  to  residual  H2O  in  the  room-air  path  between 
the  laser  and  the  fiber-source  coupler.  The  mid¬ 
dle  curve  shows  the  absorption  signal,  A/  ~  /q  —  /. 
The  bottom  curve  shows  the  difference  between  the 
reference -beam  and  the  ring-interferometer  trans¬ 
mission  signals,  Iq  -  /ring.  There  were  several  re¬ 
gions  during  the  scan  in  which  the  laser  wavelength 
variation  was  highly  nonlinear.  As  a  result,  the  full 
tuning  range  for  a  particular  scan  was  divided  into 
several  regions.  These  regions  could  be  accurately 
fitted  to  individual  fifth-order  polynomials  to  relate 
the  time-dependent  fringe  positions  to  relative  laser 
wavelength.  The  tuning  characteristics  of  the  lasers 
used  in  this  study  differ  from  those  of  a  laser  used 
previously®  because  of  differences  in  the  lasers  and 
were  not  due  to  the  fiber-optic  components. 

The  interferometer  fringe  heights  appear  to  change 
erratically  because  of  the  high  finesse  of  the  ring  in- 
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Fig.  2.  Absorption  traces  recorded  in  a  water- vapor  flow 
field.  The  temperature  and  pressure  in  the  probed  region 
were  1293  K  and  0.311  atm,  respectively. 
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Fig.  3.  Pol3moniial  fits  (solid  curve)  of  the  ring- 
interferometer  transmission  peak  positions  (dots)  from 
the  data  presented  in  Fig.  2. 


Fig.  4.  Comparison  of  the  measured  absorbance  (solid 
curve)  and  best  fit  (dots)  obtained  from  the  traces  in 
Fig.  2.  The  lower  signal-to-noise  ratio  in  the  spectral 
features  on  the  right  is  due  to  the  lower  new  power  from 
laser  2. 

terferometer  and  the  limited  sampling  rate  of  the 
oscilloscope  (500  ns/point).  Since  the  finesse  was 
relatively  large,  however,  the  limited  sampling  rate 
did  not  introduce  significant  errors  in  the  measured 
fringe  positions.  Figure  3  shows  the  measured  time- 
dependent  fringe  positions  (dots)  for  the  data  pre¬ 
sented  in  Fig.  2  and  the  corresponding  polynomial 
fits  (solid  curves).  The  maximum  difference  between 
the  fit  and  the  measured  frequency  was  less  than 
0.15  GHz, 

The  transmittance,  -ln(l  -  A7//o),  was  obtained 
from  the  Iq  and  A/  signals  after  conversion  to  a  rel¬ 
atively  frequency  scale.  The  normalized  transmit¬ 
tance  for  each  measured  line  shape  was  least-squares 
fitted  to  a  set  of  Voigt  profiles  whose  intensity  ratios 
and  relative  separations  were  determined  from  the 
data.®’^  The  temperature  was  inferred  from  the  ratio 
of  the  integrated  intensities  of  the  2o2  ^  3o3  line  and 
the  combined  intensities  of  the  overlapping  Sqs  ^  852 
and  852  Ses  lines. 

Pressure  was  inferred® by  use  of  the  line  strengths 
measured  by  Toth,^®  which  have  been  determined®’^ ^ 
to  be  more  reliable  than  the  values  tabulated  in  the 
current  HITRAN  database.^^  Figure  4  illustrates  the 
results  of  the  fit  procedure  based  on  the  data  in  Fig.  2. 
Two  lines  with  intensity  ratios  of  0.27  and  1  and  fre¬ 


quency  separations  of  —16.3  and  —2.0  GHz  relative 
to  the  2o2  ^  3o3  line,  respectively,  were  used  together 
with  the  2o2  ^  3o3  line  in  the  fit  of  the  laser  1  scan. 
The  fit  of  the  laser  2  scan  required  one  more  line,  in 
addition  to  the  803  852  and  802  803  lines  (which 

were  taken  as  a  single  feature),  with  an  intensity  ra¬ 
tio  of  0.07  and  a  separation  of  5.5  GHz  relative  to  the 
main  feature. 

The  inferred  pressure  and  temperature  (0.3  atm, 
1320  K)  agree  with  calculated  values  (0.311  atm, 
1293  K).  For  the  given  conditions  the  estimated  un¬ 
certainty  of  the  measured  intensity  ratio  is  0.02,  and 
the  associated  uncertainty  in  the  inferred  tempera¬ 
ture  is  30  K  (AT/T  «  4%). 

In  conclusion,  we  have  demonstrated  a  novel 
laser-absorption-based  technique  for  temperature 
and  pressure  measurements  of  water  vapor.  The 
use  of  optical  fibers  as  a  transmission  medium  and 
the  two-laser  design  makes  the  technique  flexible, 
easy  to  use,  fast,  accurate,  and  capable  of  measur¬ 
ing  multiple  quantities  in  flows  containing  water 
vapor  or  other  gas  species.  Furthermore,  two  dif¬ 
ferent  species  could  be  monitored  simultaneously  if 
the  wavelength  of  each  laser  were  chosen  appropri¬ 
ately.  With  modest  modifications  the  concept  could 
be  extended  to  permit  simultaneous  single-path  ab¬ 
sorption  measurements  at  several  wavelengths. 
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